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ABSTRACT
Improvements to Patient-Specific Skeletal Dosimetry
by
Jeffrey Scott Wyler
Dr. Phillip Patton, Examination Committee Chair 
Assistant Professor of Health Physics 
University of Nevada, Las Vegas
Nuclear medicine encompasses numerous steps, with accuracy being a key 
component throughout. Exactitude in skeletal dosimetry is of importance due to the 
high radiosensitivity of the hematopoietic cells populating the marrow cavities within 
trabecular bone. In fact, active marrow is generally the dose limiting organ in both 
radioimmunotherapy and bone pain palliation.
Current research involving improvements in skeletal dosimetry is being 
pursued through nuclear magnetic resonance- (NMR) and computed tomography- 
(CT) imaging. Images acquired from these imaging modalities are coupled to Monte 
Carlo transport models to calculate S values for radionuclides localized within the 
skeleton. This is accomplished by in-vivo and in-vitro imaging of specific active 
marrow sites to acquire trabecular bone microstructure and to determine spongiosa 
volume. The spongiosa volumes are being calculated in order to develop a scaling 
factor that will relate the active marrow volume of a specific patient to that of a newly 
defined reference man.
Ill
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Improvement to the International Commission on Radiological Protection 
Publication 70 reference parameters for red marrow volume has taken many paths 
since research was started at the University of Florida in 1995. This work proposes to 
aid in the improvement of skeletal dosimetry through (1) investigation of the surface- 
area voxel effect of digital images, (2) spongiosa volume determination, and (3) 
investigation of anthropomorphic measurements as scaling factors of spongiosa 
volumes.
IV
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CHAPTER 1
INTRODUCTION 
LI Purpose
Irradiation o f trabecular bone is an important area in internal dosimetry due to its 
role in both the skeletal and hematopoietic systems. Skeletal dosimetry is complicated by 
the complex mierostructure of the active regions of trabecular bone. Radiosensitive 
active marrow and the endosteum are located within cavities o f radio-resistant bone, 
requiring complex transport models to account for energy deposition in each medium. 
The study of trabecular bone dosimetry is dependent on accurate representation o f the 
mierostructure and macrostrueture o f trabecular bone area. The purpose o f this work is to 
address three distinct areas o f trabecular bone dosimetry in which improvement can be 
achieved: (1) quantification of the surface-area voxel effect, (2) spongiosa volume 
determination, and (3) use of anthropomorphic measurements and body mass index 
relationships as spongiosa scaling factors.
The goal o f  patient-specific skeletal dosimetry is to scale a dose estimation 
obtained from a reference individual to individuals undergoing radiopharmaceutical 
treatment by considering differenees in various dosimetric parameters, such as spongiosa 
volume. Ideally, a quick and easily obtained measurement, i.e. lean body mass, would be 
collected for use in determining spongiosa volume. The ratio o f spongiosa volumes 
would then be used to determine the specific energy deposited in the active bone marrow
1
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of the individual undergoing treatment. An accurate depiction o f trabecular bone 
mierostructure is the foundation on which the skeletal bone dosimetry is based. High 
resolution imaging of trabecular bone regions and the subsequent precise reconstruction 
of this data requires special modeling considerations. One o f these modeling 
considerations involves the understanding o f  the representation o f circular and spherical 
regions by pixels and voxels. The surface-area voxel effect is an area o f the modeling 
technique that requires investigation in order to determine the error introduced to the dose 
calculation by representing a spherical geometry with voxels.
1.2 Bone Macroanatomy and Microanatomy 
Bone consists o f living cells and nonliving intercellular matrix. Bone differs from 
other connective tissues in that the intercellular material is more abundant than the bone 
cells (ICRP 1995). The skeleton consists o f  two macroscopically different types o f  bone: 
cortical, or compact, bone and cancellous, or trabecular bone. Cortical bone is found in 
the shafts o f long bones and forms the outer shell (cortex) o f all skeletal sites. Eighty 
percent o f the mass o f the skeleton is composed of cortical bone. In cortical bone, 
concentric cylinder-shaped layers of calcified intercellular material, called lamellae, 
enclose a central longitudinal canal, known as the Haversian canal. Located within the 
Haversian canal is a blood vessel that sustains the osteocytes. Osteocytes, or bone cells, 
are located between the layers o f  lamellae. Tissue fluid can move from the Haversian 
canals to the osteocytes through canaliculi, which are microscopic-sized canals running in 
the transverse plane. A diagram of an Haversian system o f cortical bone is shown in 
F ig. 1.1.
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Figure 1.1. Diagram o f a cortical bone segment illustrating the mierostructure o f bone 
(http://training.seer.cancer.gov/module_anatomv/unit3_2_bone tissue.html).
Trabecular bone consists o f bony trabeculae (thin plates or spicules o f  bone) with 
various thicknesses. These trabeculae are interconnected in a honeycomb pattern to 
provide maximal mechanical strength, as seen in Fig. 1.2. Bone marrow, which is housed 
in trabecular bone, can be classified as either active (red) or inactive (yellow) marrow. 
Inactive marrow is yellow in color because it is primarily composed of adipose tissue, 
whereas active marrow is responsible for hematopoiesis. Hence, it is in the active 
marrow skeletal regions that blood cell production occurs.
The endosteum is a thin layer o f cells that lines both marrow cavities and the 
interfaces between Haversian canals and bone surfaces. The endosteum contains both 
bone-forming cells (osteoblasts) and bone destroying cells (osteoclasts). Due to the 
porous nature o f trabecular bone, the surface area o f the endosteum in trabecular regions 
is five to six times the surface area o f the endosteum in cortical bone (Vaughan 1973).
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The periosteum is a double-layer o f cells that covers the exterior o f cortical bone. This 
double-layer is primarily composed of osteoblasts and fibroblasts.
»
r
Figure 1.2. A reconstruction o f a 3D NMR image o f a cubical sample o f trabecular 
bone obtained in a 4.7 T Nuclear Magnetic Resonance Spectrometer. An intact 
sample would contain active marrow in the cavities formed by the trabecular bone. 
The sample was sectioned from the right femoral head of a 51-year male. The sample 
size is 5.6 x 5.6 x 5.6 mm^. The image resolution is 88 x 88 x 88 fxm^  (Rajon et al. 
2002).
Since osteoblasts and osteoclasts are located on the endosteum and periosteum, 
bone production and resorption occur on both periosteal and endosteal surfaces. Bone 
production occurs where added bone strength is needed or at sites o f injury. The 
mechanism that regulates this process is the response o f bone to mechanical stress and 
gravity. Bone resorption is triggered by the parathyroid hormone. When levels o f ionic
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
calcium in the blood decline, the parathyroid hormone is released from the parathyroid 
glands. By re sorbing bone, the calcified bone matrix is broken down thereby releasing 
calcium to the bloodstream.
Cortical bone surfaces may be divided into two functional and anatomic types: 
periosteal and endosteal. The periosteal surface of cortical bone is important in 
appositional growth and fracture repair. It displays an imbalance between bone 
formation and resorption such that a net increase in bone occurs over time. The endosteal 
surface o f cortical bone has a higher level o f remodeling activity, likely resulting from 
increased mechanical strain and/or the proximity o f the marrow space and its 
environment. On the endosteal surfaces, resorption tends to exceed formation, leading to 
the expansion o f marrow spaces within long bones (Eriksen et al. 1994).
Total bone mass increases in humans for the first twenty to thirty years o f life, 
since osteoblasts are more active than osteoclasts in young individuals. After age 30, 
production and resorption reach equilibrium and remain in equilibrium for tens o f years, 
thus keeping bone mass constant. For the remainder of life, resorption occurs at faster 
rates than bone production, which causes a net loss of bone mass (Berne and Levy 1993).
The variation o f bone structure with both gender (Mosekilde 1989; Aaron et al. 
2000; Hoffler et al. 2000; Hordon et al. 2000; Link et al. 2000) and age (Snyder et al. 
1993; Blauth et al. 2000; Ding 2000; Guglielmi et al. 2000; Hoffler et al. 2000; 
0 ' Flaherty 2000; Tabor and Rokita 2000) has been thoroughly investigated. With aging, 
trabecular bone undergoes specific morphological changes, including thinning and loss o f 
trabeculae (Snyder et al. 1993), with horizontal trabeculae being lost at a greater rate than 
vertical trabeculae within the vertebrae (Parfitt 1983; Parfitt et al. 1983; Mosekilde 1989).
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Analyses o f iliac crest bone biopsies have found that the spacing between bone structures 
increases with increasing age to a greater degree in females than in males. This increase 
implies that bone remodels differently for aging men than for aging women. It is also 
important to note that trabeculae are more readily resorbed than cortical bone (Atkinson 
1967). In fact, one early feature o f osteoporosis is the loss of trabecular bone from the 
vertebral and pelvic bone regions.
The length and width of individual trabeculae also vary throughout the skeletal 
system (Spiers 1969; Beddoe 1977). Table 1.1 lists the mean chord-lengths for 
trabeculae and marrow cavities in different human bones. By comparing these mean 
values for the various bones, it is quite obvious that trabecular bone mierostructure varies 
with age and with location within the skeleton.
Since mechanical stress and gravity regulate bone production, weight-bearing 
trabeculae should be thicker than non-weight bearing trabeculae. This is clearly evident 
in previous studies o f vertebrae (Atkinson 1967; Atkinson and Woodhead 1973; 
Mosekilde 1989; Hahn et al. 1992). The vertical vertebral trabeculae, which support the 
upper body, maintained their thickness more efficiently over time than the horizontal 
trabeculae o f the same region. This causes the trabecular bone mierostructure of 
vertebrae to be very anisotropic, varying structurally within a single bone segment. 
Figure 1.3 displays trabecular and marrow chord distributions o f  a cervical vertebra. Due 
to these variations, chord length distributions o f trabeculae and marrow cavities are able 
to describe the 3D mierostructure o f trabecular bone regions better than mean values.
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Table 1.1. Mean chord-lengths for trabeculae and marrow cavities for different human 
bones (Beddoe 1976; Whitwell and Spiers 1976; Eckerman et al. 1985).
Bones Mean Path Lengths (pm) 
Marrow Cavities Trabeculae
44-year-old male
Parietal 389 514
Rib 1706 265
Iliac Crest 907 232
Cervical Vertebra 914 271
Lumbar Vertebra 1237 244
Femur Head 1156 220
Femur Neck 1656 320
9-year-old child
Parietal 306 539
Rib 1123 231
Iliac Crest 744 180
Cervical Vertebra 906 162
Lumbar Vertebra 857 168
Femur Head & Neck 616 249
20-month-old child
Parietal 255 566
Rib 559 191
Iliac Crest 575 181
Lumbar Vertebra 736 188
Femur 789 197
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Figure 1.3. Trabecular and marrow chord distributions within the cervical vertebrae o f a 
44-year-old male (Beddoe et al. 1976).
The amount and locations o f active marrow is also a function o f age. At birth 
nearly all marrow cavities are filled with active marrow. Yet in the adult, active marrow 
is located primarily within the ribs, the vertebrae, and the ends of the long bones with all 
other trabecular regions filled with inactive marrow. Since inactive marrow is o f little 
dosimetric concern due to the lack o f hematopoietic stem cells, some skeletal sites in the 
adult are o f little dosimetric importance. However, in children these same sites can be 
very important.
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1.3 Bone Cells Subject to Risk from Radiation 
Carcinogenesis is most rapidly expressed in cells that actively proliferate because 
the mutation can be quickly passed to their progeny. The endosteal layers o f bone shafts 
and marrow cavities, the periosteal layers, and hematopoietic bone marrow contain such 
cells. As mentioned earlier, both osteoblasts and osteoclasts are located on the 
endosteum and periosteum. Since bone remodeling is constantly occurring, a high 
percentage o f the osteoblasts and osteoclasts are active and thus more radiosensitive. The 
osteoprogenitor cells, which are the bone stem cells that produce osteoblasts and 
osteoclasts, exist within the endosteal and periosteal layers. These stem cells further 
increase the radiosensitivity o f these layers.
The hematopoietic stem cells, which proliferate and differentiate into the different 
blood cell lines, are located within active marrow. Consequently, irradiation o f this area 
o f the skeleton will increase the risk o f carcinogenic changes, such as leukemia. In 
addition, any damage to active marrow may decrease the rate of production o f both 
erythrocytes (red blood cells) and lymphocytes (white blood cells). Erythrocytes are 
responsible for supplying the rest o f the body with oxygen. Lymphocytes play a major 
role in the body’s immune system. Bone-seeking radionuclides that decay by emitting 
energetic charged particles are likely to cause the greatest damage to the bone marrow 
(ICRP 1995).
1.4 Past Dosimetric Methods o f Trabecular Bone 
Practically all current bone dosimetry models are based in some degree on the 
data collected by F.W. Spiers and his colleagues at the University o f Leeds in England
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during the 1950s to late 1970s. Spiers first investigated the effects o f a bone surface 
interface on the dose to the adjacent soft tissue (Spiers 1951). He calculated that the 
presence o f a bone interface increases the dose to the surrounding soft tissue by as much 
as a factor o f four. In 1963, Spiers began investigating how active marrow is distributed 
throughout the human body and the impact this has on trabecular bone dosimetry (Spiers 
1963). Active marrow distributions were derived from the work of Mechanik and Custer 
(Mechanik 1926; Custer and Ahlfeldt 1932) as summarized by Ellis (1961).
Spiers also realized that any assumptions o f a regular geometry between bone 
trabeculae and marrow spaces were unrealistic (Spiers 1969). Consequently he 
developed the eoncept o f linear path length distributions to describe the physical 
dimensions o f these regions. By knowing the complete frequency distribution of marrow 
path lengths and trabecular path lengths, the fraction o f a particle’s kinetic energy 
deposited in each type o f tissue could be calculated. Dose calculations were obtained by 
coupling the frequency distributions to a one-dimensional electron transport model.
Early linear path lengths were measured by placing a rectangular grid over a 
photograph and counting the number o f grids with the aid of a microscope (Spiers 1967). 
This process was later automated by using a photoelectric object-plane scanner to view 
contact radiographs o f trabecular bone sections (Beddoe et al. 1976). The Spiers’ group 
was the first to consider random sampling from the chord length distributions using 
Monte Carlo techniques (Whitwell 1973; Whitwell and Spiers 1976; Spiers et al. 1978; 
Spiers et al. 1978). Experimentally measured chord length distributions were coupled 
with range-energy relationships to calculate dose conversion factors for seven 
radionuclides.
10
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Studies at the University o f Florida have obtained marrow and trabeculae chord 
length distributions from surgically removed post-mortem samples using nuclear 
magnetic resonance (NMR) imaging (Jokisch and Bolch 1996; Jokisch 1997; Jokisch et 
al. 1997; Patton et al. 1997; Bolch et al. 1998; Jokisch et al. 1998; Jokisch et al. 1998; 
Patton 1998; Patton et al. 1998; Jokisch et al. 1999; Patton et al. 1999). By coupling 
measured distributions to computer transport programs the amount o f energy deposited to 
the marrow cavities and trabeculae can be calculated.
In addition, three-dimensional NMR images have been directly coupled to the 
EGS4 and EGSnrc transport codes. This approach allows for radiation transport in a 
“real” geometry, thus serving as a benchmark set o f calculations for all existing 
trabecular dosimetry models. The NMR image is converted into binary data, either bone 
or marrow, through which Monte Carlo simulations o f electron travel and energy loss is 
processed. The trabecular bone mierostructure is then coupled to a stylized model or to a 
macroimage o f  trabecular bone regions to allow for escape o f the electron from the active 
marrow regions.
1 1
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CHAPTER 2
SURFACE AREA VOXEL EFFECT
2.1 Background
Magnetic Resonance Imaging (MRI) and Computed Tomography (CT) are used 
to produce three-dimensional digital images o f trabecular bone, which may be coupled to 
the EGSnrc or EGS4 transport codes for modeling trabecular bone. The coupled digital 
image consists o f two distinct media, bone and marrow, assigned values through image 
thresholding and segmentation (Jokisch et al. 1998). The interface between the digital 
rendering of bone and marrow appears as a jagged surface due to the rectangular shape o f 
the voxels as shown in Fig. 2.1. This is in disagreement with the true nature o f marrow 
cavities and is not an accurate representation o f the real sample (Peter et al. 2000). This 
problem has been identified and studied for chord length distributions within nuclear 
magnetic resonance (NMR) images o f trabecular bone (Jokisch et al. 2001) and was 
categorized by the author as pixel (or voxel) effects A and B. Both pixel (or voxel) 
effects A and B are consequences o f the rectangular shape o f the pixels (or voxels) and 
the resultant chord length distributions. Pixel effects A and B, plotted against the 
frequency o f chord lengths as a function of the chord length, angle o f intersection, size of 
the pixel, and chord spacing are seen in Fig. 2.2. Pixel effect A results in distinct, acute 
peaks across the entire chord length distribution, while pixel effect B overestimates the
12
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short chord lengths. These pixel (or voxel) effects are expected to result in dosimetric 
errors when radiation particles are transported using chord length distributions.
Figure 2.1. Pixelized representation o f a circle. The white pixels represent the 
interior o f the circle (marrow) and the dark pixels represent the exterior (bone). 
Therefore, the perimeter o f the circle, if  measured within the image, is equal to 
the length o f the cumulative interface between the white pixels and the dark 
pixels. Each pixel side that belongs to this perimeter can be moved as shown by 
the arrows in order to form the large dashed square. Therefore, the perimeter o f 
the voxelized circle is equal to the perimeter o f the dashed square. The size o f 
this square depends on the pixel size and can be slightly smaller or slightly larger 
than the diameter o f the circle (Rajon et al. 2002).
13
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
0.01
0.016
0.014 -
0.012  -
g  0.008 •
0.006
0.004 •
0.002  -
E fïàct "A'1
4001 250
Length (microns)
350 450100 ISO 200 300
Figure 2.2. Chord distributions taken from raw data collected across a NMR image of 
human trabecular bone. Both pixel effects A and B are indicated as shaded areas under 
the distribution (Jokisch et al. 2001).
2.2 Theoretical and Mathematical Studies 
A theoretical study using a computer model was constructed to represent marrow 
cavities and intervening trabecular bone (Rajon et al. 2000). This study identified three 
voxel effects: a geometry effect, a volume effect, and a surface-area effect. The 
geometry effect occurs when a particle travels parallel to the bone-marrow interface and 
deposits its energy alternatively within bone and marrow as a result o f the jagged digital 
interface representation. The errors associated with this effect are shown to cancel out 
when averaged over an entire image. The volume effect overestimates the volume 
fraction o f marrow at large voxel sizes. This error becomes insignificant at resolutions 
below 300 pm and does not affect dose calculations as typical NMR resolution for bone 
marrow studies are below 100 pm (Rajon et al. 2000). The surface-area effect
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measurements showed a continuous increase in overestimation o f total surface area from 
near zero at poor resolutions to a convergence value at high resolutions. This 
convergence value was 50% higher than the true surface area. Consequently, the surface- 
area effect would contribute significantly to an overestimation o f the cross-absorbed 
fraction (i.e. marrow source irradiation o f bone, or bone source irradiation o f marrow) 
and the resulting dosimetric results.
The surface-area effect was studied mathematically, with specific discussions 
related to dosimetric errors (Rajon et al. 2002). As seen in Fig. 2.1, the pixelization o f a 
circle will result in the circumference, with radius r, being extended into a square shape, 
with perimeter 8r. The mathematical solution infers that the surface area o f  the edge of 
each voxelized disk can be derived for a circle by multiplying the perimeter o f the disk 
(within the voxelized image) by its thickness (the voxel size):
dS = Srdz. Eq. 2.1
When the voxel size is reduced to an infinitely small value, the total surface area can be 
calculated by the integration:
5 = 2 9>rdz. Eq. 2.2
0
However, this expression only accounts for the surface area o f the edges o f the voxelized 
disks. These edges are perpendicular to the x-axis or the y-axis but never perpendicular 
to the z-axis; therefore, due to the symmetry o f  the problem, they account for only two 
thirds o f the total surface area o f the voxelized sphere. The total surface is then obtained 
by:
5 = 3 8r<fz. Eq. 2.3
0
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Using a variable change:
r = i?sin^, and z = i?cos^ ,
dz = -R s m 6 d d .  Eq. 2.4
The integration thus becomes:
= 24J?" (sin 2)2 lEq. 2.5
The calculation gives the result:
S = 6nR^. Eq. 2.6
Equation 2.6 shows that reducing the voxel size will make the surface area o f a voxelized 
sphere converge to a value that is 50% higher than the real surface area o f the sphere 
(47tR2). For larger voxel sizes the surface area will be slightly larger or slightly smaller 
than the convergence value according to the ratio o f the voxel size and the sphere radius. 
This possible difference from the convergence value results from the fact that the ratio o f 
the sphere radius to the voxel size may cause the sphere to not sit exactly within the 
representative three dimensional surface area model.
At voxel sizes larger than an electron range, the overestimation o f cross-absorbed 
fraction is equal to the overestimation o f surface area. A reduction in voxel size to less 
than the electron range will render the surface-area effect negligible. High-energy 
electrons have a range significantly larger than the voxel size used in trabecular bone 
imaging. However, electrons with energies below 100 keV will be affected for voxel 
sizes larger than a few micrometers. The mathematical model for low-energy beta 
emitters at the voxel sizes used in NMR microscopy, 60-100 pm, resulted in an 
overestimate in dose calculations o f -25% .
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2.3 Imaging Based Verification 
The goal o f  this portion o f this research was to investigate the surface area voxel 
effect through MRl spectroscopy. High-precision soda lime glass beads, measuring 
3.96875 ±  0.00254 mm in diameter, were imaged using an 1 IT MRI spectrometer at the 
Advanced Magnetic Resonance Imaging and Spectroscopy Facility located in the 
McKnight Brain Institute o f the University o f Florida. A threshold was established to 
visually depict the images in a binary manner. A glass bead from the center o f the 
reconstructed image was selected based on image clarity, distance from neighboring 
beads, and absence o f air pockets. The resulting resolution was 48.882 /rm in the X and 
Y planes and 65.104 fim  in the Z plane. Slices in the X and Y plane o f  the single, 
centrally located bead were then converted to Adobe®Photoshop® for isolation and 
measurement, as seen in Fig. 2.3. There were 63 2D slices, with a field o f view (FOV) 
measuring 82 X 82 pixels. The images were edited by removal o f all non-relevant bead 
information before measurements were taken. The bead images were evaluated and 
comparisons were made using four separate methods: (I) histogram, (2) geometric, (3) 
pixelized, and (4) average. These methods are discussed below.
□TTTTin
Figure 2.3. Binary reconstruction o f high-resolution NMR spectroscopy images o f high 
precision glass bead, 3.96875 mm in diameter. The images were converted to Adobe 
Photoshop® format with a field o f view (FOV) measuring 82 X 82 pixels. The resolution 
is 48.882 jim  in the X and Y planes and 65.104 fim  in the Z plane. Slices 10, 20, 30, 40, 
50, and 60 o f the 63-slice inventory are shown, from left to right.
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Each of the 63 slices containing a portion o f the glass bead image was evaluated 
by pixel count and by use o f the measurement tool. The FOV o f each image slice 
contained 6724 pixels; therefore, the histogram data could be used to determine the area 
o f the bead represented in each of the image slices. These pixelized area data were 
compared to the “calculated area”, which was obtained by using an average o f three 
measurements o f the associated slice bead diameter, to confirm the measurements before 
proceeding.
The “histogram calculation” method, detailed above, simply makes use o f the 
binary form o f the reconstructed bead image data. The “geometric calculation” method is 
based on the percentage of the total FOV that the bead inhabits in each image slice, with 
this percentage converted to an equivalent number o f pixels. The averaged diameter in 
the horizontal, vertical, and diagonal direction o f each bead image slice was used in the 
“geometric calculation” method for the basic circular area o f each bead slice. The 
“pixelized calculation” method utilizes the perimeter o f each pixelized bead image in the 
X-Y plane, with the resultant perimeter length, in pixels, summed over the entire image. 
This total perimeter length is then converted from number o f pixels to length, based on 
X-Y plane resolution, and then given a Z plane depth to determine the surface area. The 
resulting volumes and surface areas from these three methods are compared to that o f the 
actual bead in Table 2.1. The results indicate that the voxelized image created by the 
reconstructed data overestimates the surface area and volume o f the original bead. The 
average o f the surface area data from the reconstructed images will be used as the 
comparison value for the surface area overestimation verification.
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Table 2.1. Comparison o f volume and surface area for three calculated analysis methods 
to the actual values based on the mathematical spherical model. Glass bead, 3.96875 mm 
diameter, imaged at resolution of 48.882 iim  in the X and Y planes and 65.104 in the 
Z plane.
Volume, mm^ Surface Area, mm^
Geometric Calculation 34.31 52.14
Histogram Calculation 34.92 51.66
Pixelized Calculations 35.40 51.96
Average of Image-Based 
Dimensions
34.88 51.92
Actual Measurements 32.73 49.48
A more detailed examination o f the image data reveals that the surface o f the 
imaged bead more closely resembles conjoined-stacked cylinders than it does a sphere. 
Fig. 2.4. Each image slice has a shape established in the X and Y planes, which is then 
given a Z plane thickness, and then the next slice shape is determined and given the same 
Z plane thickness. This shape and thickness creation is continued for the remaining 
image slices and the end result is a 3D shape having surface areas on the X, Y, and Z 
planes. The initial response is to calculate a surface area based solely on the 
perimeter/circumference, referred to as the lateral surface area, represented by the X and 
Y plane, with a Z plane thickness. This method overlooks the surface area represented by 
the different sizes o f the successive X and Y plane shapes. The surface area represented 
by this misalignment o f consecutive image slices should be added to the original Z plane 
surface area. This is accomplished by taking the net area of the exposed region, simply 
subtracting out the smaller X-Y area from that o f the larger X-Y surface. This 
misalignment of consecutive image slices can be representatively visualized in Fig 2.4 as 
the visible portion o f each disk when viewed in the X-Y plane.
19
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
IB
Figure 2.4. Surface area estimation based on conjoined-stacked disks. Surface area is 
represented by two distinct parameters: 1) the perimeter o f each slice in the X-Y plane is 
given a Z plane depth, and 2) the net differences in area o f the X-Y plane between 
successive disks, i.e. green-blue and blue-red. These two surface area parameters are 
added over the entirety o f the bead image to account for the total surface area estimation.
2.4 Results
Analysis o f the image based verification data using the conjoined-stacked disk 
model shows a surface area estimation o f 82.93 mm^, compared to the actual bead surface 
area o f 49.48 mm^ and bead image surface area of 51.92 mm^, resulting in 
overestimations o f  67.6% and 59.7% compared to the actual bead and the bead image, 
respectfully. These results are larger than the theoretical difference convergence value o f 
a 3D image o f 50% based on the mathematical spherical model. A surface area 
calculation was also done treating the image as a series of conjoined-stacked disks and 
using the average diameter o f each slice from digital measurements. This allows for the 
pixelization effect for circles to be accounted for in the modeling process, as the pixelized 
area is calculated based on the maximum X-Y dimensions o f each bead image slice and
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the circular area for each bead image slice is calculated using the average diameter o f the 
bead image. The area o f each pixelized bead image slice is compared to the 
corresponding circular area o f the bead in Table 2.2. Comparing the surface area o f the 
conjoined-stacked disks (64.68 mm^) to the actual surface area o f the soda-lime glass 
bead (49.48 mm^) resulted in a surface area overestimation o f 30.7% in the conjoined- 
stacked disks representation. This more correct representation o f the reconstructed bead 
image was used as the baseline surface area which was then compared to the surface area 
determined by adding the differences in the X-Y plane surface area overlaps between 
consecutive image slices and the pixelized calculation method used in the mathematical 
spherical model listed above, resulting in a surface area overestimation due to 
voxelization o f 28.2%. The results are summarized in Table 2.3. The results show that 
the surface area o f a spherical shaped object (i.e. marrow cavities) is significantly 
overestimated when represented as either voxels or pixels.
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Table 2.2. Comparison o f pixelized area and circular area for each slice in bead image. 
The pixelized area is based upon the maximum length in the X and Y plane for each bead 
image slice, while the circular area is calculated using the average radius o f each
Slice
#
Pixelized
Area,
mm^
Circular
Area,
mm^
Slice
#
Pixelized
Area,
mm^
Circular
Area,
mm^
1 1.054 0.818 32 16.067 12.767
2 2.151 1.721 33 16.067 12.767
3 3.356 2.610 34 16.067 12.767
4 4.306 3.386 35 16.067 12.693
5 5.271 4.084 36 16.067 12.693
6 6.207 4.839 37 16.067 12.693
7 6.957 5.370 38 16.067 12.633
8 7.749 6.014 39 16.067 12.552
9 8.594 6.685 40 15.672 12.318
10 9.316 7.199 41 15.479 12.107
11 9.927 7.739 42 15.089 11.762
12 10.547 8.239 43 14.713 11.500
13 11.198 8.741 44 14.347 11.143
14 11.855 9.171 45 13.610 10.737
15 12.197 9.527 46 13.444 10.473
16 12.895 10.054 47 13.078 10.067
17 13.424 10.420 48 12.206 9.540
18 13.788 10.744 49 11.527 9.002
19 13.976 10.833 50 10.880 8.467
20 14.709 11.359 51 10.096 7.885
21 14.709 11.514 52 9.479 7.334
22 15.284 11.791 53 8.882 6.831
23 15.474 12.028 54 7.766 6.030
24 15.672 12.194 55 6.966 5.389
25 15.869 12.376 56 5.965 4.631
26 16.067 12.560 57 5.057 3.914
27 16.067 12.582 58 4.010 3.138
28 16.067 12.663 59 2.925 2.297
29 16.067 12.693 60 1.941 1.497
30 16.067 12.708 61 0.817 0.656
31 16.067 12.693
22
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Table 2.3. Comparison o f surface area and surface area overestimation for two 
calculated analysis methods and the actual values to the values determined by modeling 
after eonjoined-stacked voxelized disks. The Spherical Bead Image method was 
determined by use o f the mathematical spherical model, which treats the reconstructed 
image as a sphere. The Conjoined-Cylindrical Stacks method treated the image as 
conjoined-stacked cireular disks, unaffected by pixelization in the X-Y plane. The 
Conjoined-Stacked Pixelized Effect method treated the image as a series o f  conjoined- 
stacked pixelized eircular disks. Glass bead, 3.96875 mm diameter, imaged at resolution 
o f 48.882 //m  in the X and Y planes and 65.104 /rm in the Z plane.
Measurement Method Surface Area, mm^ Surface Area Overestimation 
(Voxel Effect), %
Actual Bead 49.48 67.6
Spherical Bead Image 51.92 59.7
Conjoined-Cylindrical Stacks 64.68 28.2
Conjoined-Stacked Pixelized Disks 82.93 N/A
The mathematical proof for the stacked disk model agrees with the results o f this 
study. A cross section o f the stacked disk model is shown in Fig 2.5 and the detail o f one 
disk is shown in Fig 2.6. The area o f the lateral surface o f each disk in the stacked disk 
would equal jt, from the circumference o f the disk (2jrR) divided by the length o f the 
reetangle (2R), times the cross-section o f the rectangle, the sum of which jiR}. 
Therefore, the sum o f the areas o f the lateral surface area of the stacked disks approaches 
;r(jrR^), or This would lead to a total exposed surface area o f the stacked disks,
from the lateral and top regions, equal to Ji^R^ + I tiR}, or {ji + 2){tiR}), and a surface 
area overestimation o f the sphere using stacked disks o f 28.54% (tiR [^71 +2]/47iR^).
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Figure 2.5. Cross-sectional representation o f the conjoined-stacked disk model used for 
surface area limit calculations. The lateral surface area o f  each disk is equal to and 
the total lateral surface area o f the all the disks used to model the sphere will approach 
as seen in Fig. 2.6. The sum of all aspects o f the surface area o f the conjoined- 
stacked disks (lateral, tops, and bottoms) approaches (jr+2)(jrR^). This results in an 
overestimation o f expected surface area value (4;rR^) by 28.54%.
Figure 2.6. Demonstration o f determining the lateral surface area o f an individual disk. 
The lateral surface area is shown in red and the cross sectional area o f  the disk is shown 
in blue. The lateral surface area o f the disk is exactly equal to jt (calculated by dividing 
the circumference o f the disk by the length o f the rectangle or 2jtR 4- 2R) times the area 
o f the cross sectional rectangle. The sum o f the integration o f the area o f all the cross 
sectional rectangles approaches yrR, as seen in Fig 2.5, and the total surface area 
approaches jr^R^.
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2.5 Conclusions
Image-based verification o f the surface area voxel effect did not correspond with 
the mathematical-based values. Ideally, a 3D data set would be modeled to determine the 
surface area overestimation o f a sphere instead o f the cumulative 2D set o f image slices 
used in this study. However, currently used absorbed fractions were calculated from 2D 
data sets (Spiers et al. 1978), thus a 2D set o f images were analyzed in order to determine 
the overestimation o f surface area associated with these values.
Surface area due to the voxel effect was determined to be overestimated 
regardless o f the image-based method used to establish a surface area value. The origin 
o f this discrepancy rests with the difference between surface area determination involving 
the mathematical model and the bead image. The mathematical model is based on a 
uniform sphere integrated in all three planes, with respect to the radius, and only 
considers the edge o f the associated disk for the surface area determination. The image 
based surface area determination relied upon the same perimeter o f all three planes, but 
also included the surface area represented by the overlap o f the conjoined-stacked disks. 
The resulting surface area overestimation by the reconstructed bead image was 67.6% 
(82.93 mm^ vs. 49.48 mm^) greater than the actual surface area o f the bead and 59.7% 
(82.93 mm^ vs. 51.92 mm^) greater than the surface area o f the reconstructed bead image, 
determined by averaging three non-voxelized spherical calculations. The closest estimate 
o f surface area to the actual image surface, 28.2% overestimation (82.93 mm^ vs. 64.68 
mm^), was determined by considering the bead image as a series o f conjoined-stacked, 
non-pixelized disks and was verified mathematically. This confirms that values
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determined using 2D and 3D transport modeling overestimate the surface area o f 
spherical objects.
The effect o f the surface area voxel effect on bone dosimetry has been mitigated 
by the use o f a marching-cube algorithm to better interpret the anisotropic geometry o f 
trabecular bone (Rajon and Bolch 2003). This method reconstructs images in a surface- 
based manner, as opposed to the traditional voxel-based transformation. This surface- 
based approach is currently in use for transport modeling, but requires extended 
computing time compared to that o f the traditional voxel-based image reproduction.
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CHAPTER 3
SCALING OF SKELETAL S-VALUES USING BODY COMPOSITION AND BONE
MINERAL DENSITY
3.1 Initial Studies
Spiers first investigated the effects o f a bone surface interface on the dose to the 
adjacent soft tissue (Spiers 1951). He calculated that the presence o f a bone interface 
increases the dose to the surrounding soft tissue by as much as a factor o f four. In 1963, 
Spiers began investigating how active marrow is distributed throughout the human body 
and the impact this had on trabecular bone dosimetry (Spiers 1963). At that time, active 
marrow distributions were derived from the work o f Mechanik and Custer (Mechanik 
1926; Custer and Ahlfeldt 1932) as summarized by Ellis (1963).
Spiers also realized that any assumptions o f a regular geometry between bone 
trabeculae and marrow spaces were unrealistic (Spiers 1969). Consequently, he 
developed the concept o f linear path length distributions to describe the physical 
dimensions o f these regions. By knowing the complete frequency distribution o f marrow 
path lengths and trabecular path lengths, the fraction o f a particle’s kinetic energy 
deposited in each type o f tissue could be calculated. Dose calculations were obtained by 
coupling the frequency distributions to a one-dimensional transport model that utilized 
these distributions in following electrons through trabecular bone.
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Early linear path lengths were measured by placing a rectangular grid over a 
photograph and counting the number o f grids with the aid of a microscope (Spiers 1967). 
P.J. Darley, a student o f Spiers, automated this process. He developed a photoelectric 
object-plane scanner to view contact radiographs o f trabecular bone sections (Beddoe et 
al. 1976). This process required post-mortem trabecular bone regions be physically 
sectioned into thin slices o f 2-8 mm thickness. Contact radiographs o f  these slices were 
acquired and mounted on a turntable that rotated below a light microscope. As the 
turntable rotated, the radiograph was moved radially, creating a series o f scan lines o f 
small arcs, 8-20 pm apart (Spiers 1969; Beddoe 1976; Beddoe et al. 1976). A 
photomultiplier tube, which received the light beam through the microscope, was 
mounted beneath the turntable. As a marrow space passed under the microscope, the 
photomultiplier tube would register a light pulse. The duration o f the pulse effectively 
measured the path length o f the marrow cavity. Conversely, the duration o f  a null signal 
measured the path length across the trabeculae.
For a highly anisotropic structure such as trabecular bone, distributions from 
different sectioning planes must be combined to obtain an adequate approximation o f the 
omnidirectional distribution for the whole bone (Beddoe et al. 1976). This approach 
requires the use o f some symmetry assumptions. Weighting factors proportional to the 
volume of each slice must be applied to each scan in order to combine individual scans 
into a truly omnidirectional distribution.
The Spiers’ group was the first to consider random sampling from the chord 
length distributions using Monte Carlo techniques (Whitwell 1973; Whitwell and Spiers 
1976; Spiers et al. 1978; Spiers et al. 1978). Experimentally measured chord length
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distributions were coupled with range-energy relationships to calculate dose conversion 
factors for seven radionuclides. Only volume-seeking and surface-seeking radionuclides 
were considered with the marrow and endosteum being target regions. These dose 
conversion factors were used to determine the absorbed fraction values published in 
ICRP Report 30 (International Commission on Radiological Protection 1978).
3.2 Recent Studies
The anisotropic structure o f trabecular bone differs from bone-site to bone-site 
based upon compression and stress placed on the specific bone (Atkinson 1967; Atkinson 
and Woodhead 1973; Cowin 1989; Hahn et al. 1992; Mosekilde 1989). Prior to the 
coupling o f NMR images to EGSnrc, the best way to represent this micro structural data 
was through chord length distributions (Jokisch et al. 1998). Unfortunately, a simple 
radiation transport model utilizing chord length distributions for the microstructure o f 
trabecular bone is not accurate, as bone and marrow chord distributions are not 
independent o f each other as seen in Fig. 3.1 (Jokisch et al. 2001). Figure 3.1 shows that 
the marrow chord length will typically be smaller when it follows a large bone chord 
length. Additionally, bone and marrow chord length distributions are dependant on age, 
sex, and skeletal site. The accuracy of patient-specific radiation dose estimates will need 
to account for these same inputs to improve upon the basic Reference Man parameters.
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Figure 3.1. Mean marrow chord lengths with respect to the length o f the previous bone 
chord (Jokisch et al. 2001).
The idea o f using Reference Man parameters in radiation protection was set forth 
by the ICRP. These parameters were meant to be used in protecting occupational 
workers from ionizing radiation, but have also been used in radiopharmaceutical dose 
estimates. Our efforts intend to better estimate the value o f skeletal reference parameters, 
as well as to give the ability to scale these same parameters on a patient-specific basis. 
The method used for determining the patient specific dose estimate is based upon scaling 
the dose to fit the individual with the use o f mean absorbed dose per unit cumulated 
activity, or S-value. Calculations o f radionuclide-specific S-values, determined for 22 
bone sites, were performed (Bouchet et al. 1999), followed by an investigation for 
potential scaling factors using easily obtained patient specific parameters (Bolch et al. 
2002).
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Specific information on the methods used to determine the applicability o f S- 
value scaling factors (Bolch et al. 2002) is useful in understanding current research. The 
initial parameters selected are those typically used in pharmaceutical dose scaling: total 
body mass (TBM), total body height (TBH), body mass index (BMl), lean body mass 
(LBM), and body surface area (BSA). Measurements o f LBM on research cadavers were 
not available, but were instead determined from the following biometric equations:
f TBM V=(l.lOxTBM)-128 and Eq. 3.1
V 1 b h  y
= ( l . 0 7 x T B M ) - 1 4 8 j ^ î ^ j  , Eq. 3.2
with TBM given in kg and TBH given in cm. Likewise, the BSA was calculated from the 
simplified expression o f Mosteller (1987):
TBMxTgH 3
V 3600
again with TBM given in kg and TBH given in cm. BMl is the ratio o f TBM, in kg, and 
the square o f TBH, in m.
The study in 2002, by Bolch et al., evaluated S-values and potential scaling 
factors for two bone sites. The right femoral head and the right humeral epiphysis were 
excised from three cadavers: a 51-year male, an 82-year female, and an 86-year female. 
Two small rectangular samples were taken from each excised bone sight, except for the 
female humeri where only one sample was taken due to sample size restrictions. All 
samples were imaged using NMR microscopy to achieve three-dimensional images with 
a spatial resolution o f 88 x 88 x 88 pm^. These NMR images served as a microstructural 
representation, which was coupled to the EGS4 radiation transport model and run under a 
macrostructural transport model using information collected from CT-based images o f
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the excised skeletal sites. This approach allows for radiation transport in a “real” 
geometry, thus serving as a benchmark set o f calculations for all existing trabecular 
dosimetry models. Specific absorbed fractions were collected over a range o f electron 
energies with trabecular active marrow (TAM), trabecular bone endosteum (TBE), and 
trabecular bone volume (TBV) acting as both target and source terms. The percent errors 
in the resulting S-values for a TAM target and both TAM and TBE sources can he seen in 
Tables 3.1 and 3.2, respectively.
The best Reference Man S-value scaling factor, as determined by this study was 
LBM, despite the fact that only approximate values were determined for the three 
cadavers used in the study. Improvements in LBM determination could improve these 
already promising results. Also, additional knowledge o f marrow volume using high- 
resolution CT data on a patient-specific basis is required to assess radionuclide S-value 
scaling. This will still rely on the assumption that all skeletal sites scale proportionally 
between individuals. The goal o f the current skeletal segmenting research is to provide a 
data set o f active marrow volumes and individual-specific ratios o f these volumes to 
determine over what range this assumption is valid.
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Table 3.1. Percent errors in scaling radionuclide S values, S(TAM<—TAM), from either 
Reference Man (top portion) or the 51-year male (bottom portion) based upon a variety o f 
proposed anthropometric parameters, tissue volumes, or tissue masses. The source and 
target region is the active marrow within the femoral head. Only comparisons based 
upon P-32 and Y-90 are shown, although the full composite spectra were calculated for 
all radionuclides with multiple beta emissions (Bolch et al. 2002).
Radionuclide P-32 695 keV / 1710 keV Y-90 934 keV / 2282 keV
Mean / Max beta Ratios to Reference Man Ratios to Reference Man
energy
51-M 82-F 86-F 51-M 82-F 86-F
S Value Ratios 0.61 1.26 1.17 0.58 1.21 1.11
%Error in Scaling
Total Body M 2% -29% 46% 6% -26% 54%
ass
Total Body Height 46% -21% -11% 52% -17% -6%
Body Mass Index 28% -29% 34% 34% -26% 42%
Lean Body Mass 15% -17% 15% 20% -13% 22%
Total-to-Lean Body 44% 6% 46% 51% 10% 54%
Mass
Body Surface Area 21% -25% 14% 27% -22% 21%
Ratios to the 51 -y Male Ratios to the 51 -V Male
82-F 86-F 82-F 86-F
S Value Ratios 2.07 1.93 2.07 1.90
%Error in Scaling
Total Body Mass -31% 43% -31% 45%
Total Body Height -46% -39% -46% -3834
Body Mass Index -45% 7% -45% 10%
Lean Body Mass -27% 1% -27% 4%
Body Surface Area -39% -7% -39% -5%
Active Marrow Volume -21% 1% -21% 3%
Spongiosa Volume -6% 1% -6% 3%
Combination Sealing by Tissue -6% NA -6% NA
Volume
Aetive Marrow Mass -21% 1% -21% 3%
Spongiosa Mass 1% 3%
Combination Scaling by Tissue Mass 3% NA 3% NA
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Table 3.2. Percent errors in scaling radionuclide S values, S(TA M ^TBE), from either 
Reference Man (top portion) or the 51-year male (bottom portion) based upon a variety o f 
proposed anthropometric parameters, tissue volumes, or tissue masses. The source and 
target region is the active marrow within the femoral head. Only comparisons based upon 
P-32 and Y-90 are shown, but the full composite spectra were calculated for all 
radionuclides with multiple beta emissions (Bolch et al. 2002).
Radionuclide P-32 695 keV / 1710 keV Y-90 934 keV / 2282 keV
Mean / Max beta energy Ratios to Reference Man Ratios to Reference Man
51-M 82-F 86-F 51-M 82-F 86-F
S Value Ratios 0.58 1.20 1.08 0.56 1.16 1.03
%Error in Scaling
Total Body Mass -26% 58% 11% -23% 67%
Total Body Height 55% -17% -4% 59% -14% 1%
Body Mass Index 36% -26% 45% 40% -23% 53%
Lean Body Mass 22% -12% 25% 25% -10% 32%
Total-to-Lean Body 53% 11% 58% 58% 14% 67%
Mass
Body Surface Area 29% -22% 24% 33% -19% 31%
Ratios to the 51 -v Male Ratios to the 51 -v Male
82-F 86-F 82-F 86-F
S Value Ratios 2.08 1.88 2.08 1.84
%Error in Scaling
Total Body Mass -31% 47% -31% 50%
Total Body Height -46% -38% -46% -3634
Body Mass Index ^5% 12% -45% 17%
Lean Body Mass -28% 6% -28% 10%
Body Surface Area -39% -4% -39% -2%
Active Marrow Volume -21% 4% -21% 6%
Spongiosa Volume -6% 4% -6% 6%
Combination Scaling by Tissue -6% NA -6% NA
Volume
Active Marrow Mass -21% 4% -21% 6%
Spongiosa Mass 2% 4% 2% 6%
Combination Scaling by Tissue Mass 2% NA 2% NA
3.3 Current Studies
Researchers at the University o f Florida head current studies on skeletal S-value 
scaling, with additional support provided by researchers at Francis Marion University and
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the University o f Nevada Las Vegas. The goal is to collect active marrow volumes from 
a large population o f selected cadavers, (-40). The total active marrow volume from 
each cadaver will be compared to individual skeletal location active marrow volume 
fractions to test the previous assumption that active marrow volume scaling can be 
applied to total body active marrow volume based on the determination o f a single 
skeletal site active marrow volume.
Researchers at the University o f Florida select cadavers that do not have signs o f 
wasting disease or bone abnormalities. These cadavers are then scanned using high- 
resolution CT to obtain skeletal structure data. These data are transferred to an 
Interactive Data Language (IDL) format for determination o f active marrow volume. The 
skeletal information is represented in a predetermined transverse slice thickness, typically 
1-2 mm, by a program, operating in IDL, developed at the University o f Florida to 
segment CT data for aid in determining radiation dose profiles. Manual determination o f 
the active marrow volume is performed on each transverse slice in the image set and is 
represented by a color-coded, skeletal sight-specific contoured region. These contoured 
regions can then be re-assembled to give a three-dimensional visual rendering (Fig. 3.2), 
pixel count, and volume (Table 3.3) for the active marrow regions. The data from these 
manually determined active marrow regions can then be intra-compared between specific 
skeletal sites and the whole-body active marrow volume fraction. The results from 
cadaver #5 and #6, segmented at UNLV, were compared to the Reference Man 
parameters, published in ICRP 70, in Fig. 3.3.
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Figure 3.2. Three-dimensional representations o f cadaver #6 head and upper and lower 
body active marrow volumes.
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Table 3.3. Segmented cadaver active marrow volumes and marrow volume fractions for 
each skeletal site o f concern. Reference Man marrow volume fractions, from ICRP 70, 
were used for comparison and the resulting differences for each cadaver are shown.
Skeletal
Site
Cadaver
#5
Marrow
Volumes
(mm^)
Cadaver
#5
Marrow
Fraction
(%)
Cadaver
#6
Marrow
Volumes,
(mm^)
Cadaver
# 6 ,
Marrow
Fraction
(%)
ICRP
70
Marrow
Fraction
(%)
Cadaver 
#5  vs. 
ICRP 70  
Marrow 
Fraction 
Difference 
(%)
Cadaver 
#6  vs. 
ICRP 70  
Marrow 
Fraction 
Difference 
(%)
O s
C oxae 700.35
23.97 448.22 19.27 17.5 6.47 1.77
Ribs 249.21 8.53 266.53 11.46 9.9 -1.37 1.56
Sacrum 176.28 6.03 144.08 6.19 16.1 -10.07 -9.91
Lumbar 275.20 9.42 205.89 8.85 12.3 -2.88 -3.45
L5 52.23 1.79 42.28 1.82 N/A N/A N/A
Femur 415.34 14.22 268.74 11.55 6.7 7.52 4.85
Thoracic 410.61 14.05 265.63 11.42 16.1 -2.05 -4.68
Scapula 123.89 4.24 101.57 4.37 2.8 1.44 1.57
Sternum 85.22 2.92 74.10 3.19 3.1 -0.18 0.09
Cervical 66.50 2.28 51.01 2.19 3.9 -1.62 -1.71
Clavicle 51.87 1.78 49.37 2.12 0.8 0.98 1.32
Humeri 217.02 7.43 176.59 7.59 2.3 5.13 5.29
Cranium 133.09 4.56 253.36 10.89 7.6 -3.04 3.29
Mandible 17.17 0.59 21.36 0.92 0.8 -0.21 0.12
Total 2921.75 100.00 2326.44 100.00 99.9 N/A N/A
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Figure 3.3. Active marrow volume fraction skeletal ratios of research cadavers compared 
to the Reference Man parameters provided by ICRP 70.
Active marrow total volume is not being evaluated as part o f this study; rather, the 
active marrow volume fractions are the key components to be examined for potential S- 
value scaling use. Figures 3.3 and 3.4 and the last two columns o f Table 3.3 summarize 
the differences o f marrow volume fractions between the segmented cadavers o f  this 
research and that o f the ICRP 70 Reference Man. Similarities can be seen amongst the 
values o f the three active marrow volume fraction sets. Using the Pearson correlation 
coefficient, r, to test for agreement results in r = 0.736, 0.742, and 0.921 for ICPR 70- 
cadaver #5, ICRP 70-cadaver #6, and cadaver #5-cadaver #6 pairings, respectively. This 
demonstrates that there is a positive relationship between the data sets, a high correlation
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between the ICRP 70 data and the cadavers, and a very high correlation between the two 
cadaver marrow volume fractions.
Nearly all o f the skeletal sites demonstrate large differences between the 
segmented research marrow fraction values and the ICRP 70 marrow fraction values (Fig. 
3.4), with only the sternum active marrow volume fractions having a relative difference 
o f less than 10%. The largest percent difference between the research active marrow 
volume fractions and ICRP 70 values occurs in the humeri, where cadaver #5 has a 
marrow fraction o f 7.43% and cadaver #6 has a marrow fraction o f 7.59% compared to 
the ICRP 70 marrow fraction o f 2.3%, giving absolute differences o f 223% and 230% for 
cadaver #5 and #6, respectively. Active marrow volume fractions for cadaver #5 and #6 
conform in the direction o f disagreement, either underestimation or overestimation, with 
ICRP 70 at all but four skeletal sites: cranium, mandible, ribs, and sternum. These four 
skeletal sites required the most objectivity during segmentation due to anatomical 
determination difficulties. Rib and sternum identification was made more complex by 
the calcification o f  connecting cartilage due to the advanced age o f death o f the research 
cadavers. Likewise, the cranium and mandible are difficult to determine due to the 
complex nature o f cranial anatomy. The rib and sternum connectivity and the cranial 
active marrow volume segmenting methodologies are the two areas that require the most 
oversight and technique modification by the research administrator. The second 
generation o f  cadaver research will have updated procedures for segmenting these 
regions.
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Figure 3.4. Marrow volume fraction relative errors for cadavers #5 and #6 compared to 
ICRP 70 Reference Man values. Agreement between cadaver #5 and #6 is seen for either 
underestimation or overestimation o f marrow volume fraction in all skeletal sites except 
for the four regions with noted anatomical determination difficulties: ribs, sternum, 
cranium, and mandible. Separate charts used to enhance applicable scaling.
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The preliminary skeletal site being considered for S-value scaling is L5, the 
lowest lumbar vertebrae. The active marrow volume fraction for L5 is not included in the 
ICRP 70 data, but the percent error for L5 active marrow volume fractions between the 
two cadavers is only 1.66%. The use o f L5 as a scaling factor is also appealing due to the 
ability to determine bone mineral density at this skeletal site with a DEXA scanner.
3.4 Conclusions
Segmentation o f cadavers #5 and #6 is only a portion o f a larger study being 
orchestrated at UNLV, Francis Marion University, and the University o f Florida. A 
larger data set will be needed before any tangible conclusions can be made. The TBV 
data acquired from cadavers #5 and #6 will be coupled initially with data from eight other 
cadavers in Spring 2005 and, by the finish of the study, with a total o f 38 cadavers in 
2007. The end result o f this research and congruent studies involving anthropomorphic 
scaling factors will be the ability to, hopefully, determine relatively quick and safe 
methods o f trabecular bone modeling parameters for patient-specific radiation dose 
estimates.
The preliminary results show that there is a positive correlation between the 
research active marrow volume fractions. Additionally, the ICRP 70 Reference Man 
parameters uniformly differ (either by under-or over-estimation) from the research 
values, except as noted in four skeletal sites. Finally, the use o f the F5 active marrow 
volume fraction as an S-value scaling factor holds promise but will need to be further 
evaluated, as more data is made available.
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CHAPTER 4
BODY COMPOSITION AND BONE MINERAL DENSITY AS SCALING FACTORS
4.1 Background
The rapid and straightforward means o f determining internal physiological 
constitution and metabolic functions from anthropomorphic measurements by use of 
scaling factors have been investigated extensively, with mixed results (Batterman and 
George 1998; van Mil et al. 2001; Mikat 2002; Mitra et al. 2003). The difficulties 
associated with applying these anthropomorphic scaling factors include measurement 
variability, ethnic differences, age influences, and disparity based upon sex. The goal o f 
this research is to (1) determine data reproducibility for body composition and bone 
mineral density (BMD) measurements and to (2) evaluate the applicability o f 
anthropomorphic measurements as scaling factors to determine patient-specific active 
marrow volume.
Body composition, BMD, and anthropomorphic measurement variability can be 
limited, but not eliminated, by increasing the size o f the sample population and by use o f 
a standard methodology for the collection o f data. Ethnic differences, age influences, and 
variations due to sex can be overcome by adjusting data to Z scores for the applicable 
demographic. Unfortunately, before these adjustments can be applied an extensive study 
of each o f the individual groups involved is required. Our study is limited to female 
student athletes attending the University o f Nevada, Las Vegas, thus the sex disparity is
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eliminated and the influence o f age is minimized. Values that are affected by ethnic
differences are adjusted, specifically BMD.
4.2 Current Study
The purpose o f this study is to obtain body composition and BMD data using dual 
energy X-ray absorption (DEXA) scanning equipment. The collected data will be 
analyzed for usefulness and correlation in determining active bone marrow volume. 
Currently, research is underway to determine a scaling factor that will relate an easily and 
quickly collected measurement to active bone marrow volume. Active bone marrow 
volume is an important aspect in determining radionuclide dosimetric evaluations on a 
patient-specific basis. The method o f determining radionuclide dosimetric evaluations 
presently utilizes “reference man” parameters, which are uniformly applied to patients. 
Improvements to this method are being studied in which the active bone marrow volume 
is scaled to an individual, thus improving accuracy. It is the hope o f our study to 
determine if body composition, BMD, or anthropomorphic measurements can be used as 
this patient-specific scaling factor.
The methods used in this study are readily accepted and commonly practiced 
means o f  determining body composition. The Exercise Physiology Laboratory routinely 
performs underwater weighing (UWW), bioelectric impedance analysis (BIA), skin-fold 
measurements (SF), and body composition indices, i.e. Body Mass Index, waist to hip 
ratio measurements. Measurements using the DEXA scanning have not been used in the 
past due to various reasons including equipment quality assurance requirements.
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UWW is a two-compartment (2-C) body composition model relying upon total 
body density. The use o f UWW to determine body composition was first established as a 
viable means by Behnke et al. in 1942. The basic 2-C model used in UWW divides the 
body into components o f body fat, also called the fat mass (FM) or percent body fat 
(%BF), and all remaining tissues, referred to as the fat-free mass (FFM) (Ellis 2000), or 
lean body mass (LBM). The two compartments are assumed to have a constant density 
for a given temperature, typically, at 36°C, 0.9007 g cm  ^ for FM and 1.100 g cm'^ for 
FFM (Withers et al. 1999). The assumptions made for densities can cause an error in the 
body composition determination. Table 4.1 shows a few o f the measurement errors 
associated with UWW. Additionally, studies have shown that variations in protein, 
hydration, and mineral content can have a total cumulative error o f 3-4% of BF (Bakker 
and Struikenkamp 1977; Heymsfield et al. 1989; Siri 1956).
Table 4.1. Effect o f errors in residual volume, underwater weight, body weight, and water 
temperature when the true fat percentage is 15% for an individual (Ellis 2000).
Error in I f  Underestimated by True Values If  Overestimated by
A Residual, ml -400 -100 12.1 L + 100 +400
(%BF 17.8 15.7 15.0 14.3 122)
A Underwater weight, 
8
-50 -20 3T 6kg +20 +50
(%BF 15.4 15.1 15.0 14.9 1A6)
A Body weight, kg -0.5 -0.1 7C 0kg +0.1 +0.5
(%BF 15.3 15.1 15.0 15.1 153)
A Water temperature, -1.0 -0.5 36.0°C +0.5 + 1.0
°C
(%BF 15.2 15.1 15.0 15.1 153)
Determination o f body composition by UWW is done by taking both a dry and a 
submerged weight. Measuring the volume o f air in the lungs when the submerged weight
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is taken enhances the accuracy o f the body composition determination. The procedure 
used in the Exercise Physiology Laboratory involves measuring and weighing all the air 
in the lungs, as opposed to just measuring the residual volume. Since the subject does 
exhale some air, what is left is termed functional residual volume (FRV). The same 
effect is achieved since subtracting the buoyancy from the air in the lungs results in a 
submerged weight minus air in the lungs. The following equations for determining body 
density (BD) and percent body fat (%BF) are presented by Buskirk (1961) and Withers et 
al. (1996), respectively (note that RV is replaced with FRV in our study):
BD = 7  . -------  Eq. 4.1
WD
RV
497 1%BF = Z ^ - 4 5 1 . 9 ,  Eq. 4.2
BD
with inputs using body density (BD) in g cm '\ mass o f body in air (MBair) in g, mass o f 
body in water (MBwater) in g, water density (WD) in g cm ^ and residual volume (RV) in 
ml BTPS.
BIA is another form o f body composition determination included in our study. 
BIA relies upon the conductivity differences between aqueous tissues and non-aqueous 
tissues. Aqueous tissues are good electrical conductors due to electrolytic content, 
whereas fatty tissue and bone are poor electrical conductors (Nyboer 1959; Thomasset 
1962). Interest in using BIA in determining body composition was created when several 
manufacturers introduced equipment in the 1980’s. Body composition determination by 
BIA became popular due to the relatively easy and quick process and also due to the 
portable size o f the equipment.
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The use o f BIA to determine body composition requires modeling o f the human 
form, the use o f basic electric theory, and certain assumptions pertaining to body 
components and the laws of electricity. The body is modeled as an isotropic cylinder, 
with a negligible reactance contribution to impedance such that the entirety o f impedance 
can be considered a measure o f resistivity (R). These two assumptions, along with 
setting the length o f  the modeled cylinder equal to the height o f the person (Ht), result in 
the conducting volume being proportional to the term (Ht)^ R'' (Ellis 2000). Additional 
information on electrical theory application as it applies to BIA is available, but beyond 
the scope o f this research. The resulting data is assimilated into body composition 
prediction equations, which can take on many forms depending on equipment used, age 
o f the participant, and number o f parameters measured (Ellis 2000). The BIA in this 
study was from Bio/Analogics Health Management Systems ElectroEipoGraph located in 
Beaverton, Oregon.
SF measurements have been taken at up to seven locations to predict body 
composition. There are several methods and related body composition prediction 
equations that use skinfold measurements taken with specialized calipers. These SF 
methods for body composition determination are based upon the fact that 50-70% of 
body fat is located subcutaneously and, therefore, easily measured (Lohman 1992). 
Jackson and Pollock (1985) cross-validated skinfold equations that related body density 
and body fat for use with the general population, as well as age adjusted equations and 
tables. Our study used four skinfold measurement locations in conjunction with the 
Jackson and Pollock equations: abdomen, ileum, triceps, and thigh. The Jackson and
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Pollock equation also includes age as an input variable. The equation for %BF in women
is (Golding 2000):
%BF = 0.29669(Z4) -  0.00043(Z4^) + 0.02963 x age + 1.4072, Eq. 4.3
where age is in years and Z4 is the sum o f the four skinfold measurements from each 
subject.
There are problems associated with SF prediction equations for body 
composition. Lohman (1992) points out that the 2-C models tend to be used and that they 
rely upon constant density o f  FFM for all ages. Lohman also points out that fat 
patterning changes due to age and will differ based upon ethnicity, level o f  fatness, and 
physical activity status. The changes to actual body components, i.e. bone, FM, FFM, in 
the elderly are not well known and would require a detailed four compartment model for 
body composition determination o f specific ethnic groups to establish valid density 
values for use in SF prediction equations (Chumlea and Baumgartner 1989).
DEXA is a relatively new technology that was initially used to measure BMD, 
with body composition provided as supplementary data. DEXA is attractive for use in 
determining body composition because the data collection is quick and easy and the 
results have good precision. There have been mixed results in determining the validity o f 
the body composition results (Kohrt 1995; Lohman 1996). The accuracy of DEXA has 
been evaluated by chemical analysis (Brunton et al. 1993; Svendsen et al. 1993) and in 
vitro studies (Tothill et al. 1994), but validation in vivo is required to account for regional 
variation in tissue thickness, water content of lean tissue, and the difficulty o f 
determining nonbone tissue above and below bone (Prior et al. 1997). Different DEXA
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manufacturers use varied calibration methods, software algorithms, and hardware to 
determine BMD and %BF, with errors up to 13 ±4% for %BF reported (Modlesky et al. 
1996). Specifically, it has been shown that DEXA underestimates fat content in central 
regions o f the body (Milliken et al. 1996; Snead et al. 1993), with the source o f the error 
attributed to the method o f analysis, not the data acquisition aspect (Kohrt 1998).
DEXA utilizes two low-energy X-rays to determine body composition and BMD. 
The GE Lunar® DEXA used in this study has a cerium filter which provides 36 and 62 
keV X-rays. The attenuation coefficient, /r, will vary with respect to the medium through 
which the X-rays travel, with the resulting change in intensity decreasing exponentially 
per the equation (Krane 1988):
I =  Eq. 4.4
where the inputs are intensity at specified depth (1), initial intensity (L), linear attenuation 
coefficient (a), and specified thickness o f material (T). The linear attenuation coefficient 
will vary as it passes through bone, lean tissue, and fat tissue due the variation in density 
and chemical properties o f  each (Pietrobelli et al. 1996). Low energy X-rays will provide 
a more distinguishable media dependant linear attenuation coefficient, thus improving the 
accuracy in determining the mass o f bone and soft tissue (Ellis 2000):
{Mbl ^ ^ )
M  —
M  ST  —
{ M b H  ^  U s T L  ) ■ i U s T H  ^  f^BL ) 
{MsTL ^  ) ■ {MsTH ^  )
Eq. 4.5
Eq. 4.6
{MsTH ^ ^ B L  ) ■ {MbH ^ ^ B L  ) 
where the inputs include mass o f soft tissue ( M st) ,  mass o f bone ( M b) , linear attenuation 
coefficient of bone due to low energy X-ray ( m bl) ,  linear attenuation coefficient o f bone
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due to high energy X-ray ( m bh) ,  linear attenuation coefficient o f soft tissue due to low 
energy X-ray ( m s t l ) ,  linear attenuation coefficient of soft tissue due to high energy X-ray 
( « s t h ) ,  ratio o f In (I /Io ) for low energy X-ray ( L R l ) ,  and ratio of In (I /Io ) for high energy 
X-ray (L R h ) .
4.3 Results
Our study involved two measurements for whole-body BMD and body 
composition on each individual, with only a pause between measurements for 
repositioning. This allowed for a check on the reproducibility o f the BMD and %BF 
data. Values for skeletal location-specific BMD were also used to check for 
reproducibility. The results for this study can be broken into three parts: (1) DEXA 
reproducibility, (2) body composition method comparisons, and (3) empirically derived 
body composition prediction equations using minimal, easily obtained data.
DEXA reproducibility was verified by comparing the data collected from two 
successive DEXA scans on each individual. The whole-body values for BMD and %BF 
were compared, as well as site-specific BMD values for the arms, legs, trunk, pelvis, and 
spine. The requirements for short-term reproducibility set by Gluer et al. (1995) were 
followed. The minimum number o f patients for a two-scan verification study is 27; this 
study included 40 sets o f scans. The mean, standard deviation, and coefficient o f 
variation for each individual and each measurement were calculated and are shown in 
Tables 4.2-4.8. The measurement specific group coefficients o f variation are listed in 
Table 4.9. The measure o f precision for each data set was calculated using the 
manufacturers’ stated precision level o f 1% at the 95% confidence level. The measure o f
49
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
precision indicates the degree o f confidence with which a distinct change in the 
measurement can be considered to have had a significant change. In this case, the 
manufacturer states that a change between subsequent measurements o f at least 2.77%, 
from the 1% precision level, would indicate that, with 95% confidence, the value had 
actually altered. The results for the measure o f precision are seen in Fig. 4.1.
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Table 4.2. Reproducibility results for DEXA percent body fat (%BF) measurements. The
group values for mean, root mean square standard deviation, and coefficient o f variation
are shown in Table 4.9.
DEXA Scan 1, 
%BF
DEXA Scan 2, 
%BF Mean, %BF
Standard
Deviation,
%BF
Coefficient of 
Variation, %BF
2^ 6 2 9 3 2 9 3 0.141 0305
2 4 3 2 4 3 243 0.141 0.006
14.7 15.1 14.9 0.283 0 019
3 2 6 384 3 7 3 0354 0309
21.6 2F3 21.5 0.212 0.010
3 6 3 363 3 6 3 0.212 0.006
24.7 2 3 3 2 4 3 0.707 0339
32.0 3A8 3 3 4 1380 0.059
2 2 9 2 9 3 2R5 0.778 0337
29.7 303 30.1 0.566 0.019
2T0 2 4 3 2 4 3 0.212 0 009
2E5 2F8 21.7 0.212 0.010
2 2 6 2 9 3 2 9 3 0.071 0.002
133 14.2 14.0 0.283 0.020
2&4 27.0 2 6 3 0.424 0.016
17.6 17.4 17.5 0.141 0308
2 4 3 2 3 3 2 4 3 0.636 0336
2 4 3 2^ 0 2 4 3 0.707 0.029
183 183 184 0.212 0.012
324 3 3 3 32.6 0.636 0.020
2 3 3 2 3 3 2 3 4 0366 0.024
2 4 3 2^8 2 5 3 0349 0.034
2 1 3 2F5 21.7 0.283 0.013
25 3 2A6 24.9 0.424 0.017
2 8 3 2R9 2 8 3 0.000 0.000
223 2 2 3 2 3 3 0.354 0.016
27.0 2 6 3 2 3 0 0.071 0.003
16.9 163 16.9 0.071 0.004
183 183 1&6 0.071 0,004
183 183 183 0.212 0.012
2 8 3 2 3 6 2 7 3 0.424 0.015
19.7 21.3 20 3 1.131 0.055
2 9 3 2 9 4 2 9 3 0.141 0.005
183 18.4 183 0.071 0.004
3 2 3 323 3 2 3 0.000 0.000
2 5 3 25 3 2 5 3 0.071 0303
313 3 0 3 3E0 0.283 0 009
31.4 313 313 0.141 0.005
14.2 14.8 14.5 0.424 0339
183 183 18.6 0354 0.019
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Table 4.3. Reproducibility results for DEXA whole-body bone mineral density. The
group values for mean, root mean square standard deviation, and coefficient o f variation
are shown in Table 4.9.
DEXA Scan 1, 
g cm ^
DEXA Scan 2, 
g cm'2
Mean, 
g cm":
Standard
Deviation,
gcm ^
Coefficient of 
Variation, g cm'^
1.31 1.29 1.30 0.011 o.cm9
E37 1.37 1.37 0.001 0.001
1.32 130 1.31 0.016 0.012
1.34 133 133 0.006 0.005
E33 1.35 1.34 0TW8 0.006
E32 132 132 0.001 0.001
1.41 1.42 1.42 0.007 0.005
136 1.36 1.36 0.002 0.002
138 138 138 0XM2 04W2
1.33 1.33 133 0.004 0.003
1.17 1.18 1.18 0.008 0.007
126 1.24 1.25 0.011 0.009
1.25 E26 1.26 0.004 0.003
1.32 132 1.32 0.004 0.003
1.33 1.33 1.33 0.001 0.001
1.17 1.17 1.17 0.006 0.005
133 133 133 0.000 0.000
1.21 1.20 1.21 0.002
139 139 1.39 0.001 0.001
E43 1.41 1.42 0.011 0.008
132 1.30 1.31 0.015 0.011
132 1.31 1.31 0.004 0.003
1.24 1.24 1.24 0.004 0.003
1.16 1.18 1.17 0.012 0.010
1.30 1.31 1.31 0.004 0.003
1.37 1.40 1.38 0.020 0.014
1.25 1.26 1.25 0.010 0.008
1.30 1.31 1.31 0.010 0CW8
1.31 132 1.31 0.006 0.004
1.25 E26 E25 0.004 0XW3
1.29 1.29 1.29 0.004 0.003
1.41 139 1.40 0.014 0.010
139 138 1.39 0.002 0.002
1.24 1.23 E23 0.003
E28 1.29 E28 0.006 0.005
E23 E25 1.24 0.013 0.011
1.33 1.33 1.33 0.002 0.002
1.35 135 1.35 0.001 0.001
1.31 1.31 1.31 04W3 0.002
1.23 E22 1.22 0.009 0XW8
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Table 4.4. Reproducibility results for DEXA arm bone mineral density. The group values
for mean, root mean square standard deviation, and coefficient of variation are shown in
Table 4.9.
DEXA Scan 1, 
gcm ^
DEXA Scan 2, 
gcm '^
Mean,
g cm ^
Standard
Deviation,
g cm ^
Coefficient of 
Variation, g cm'^
1.12 1.16 1.14 0328 0325
1.14 1.14 1.14 0.001 0.001
1.05 1.03 1.04 0.013 0.013
1.15 1.13 1.14 0.015 0.013
E08 1.10 1.09 0.013 0.012
1.15 1.09 1.12 0.040 0.036
1.12 1.13 1.12 0.006 0.006
1.15 1.15 1.15 0.006 03 0 6
1.10 1.12 1.11 0.014 0.013
1.12 1.07 1.10 0.031 0.028
0 9 5 0.95 0 3 5 0.001 0.001
0 9 9 1.13 1.06 0393 0.088
0.99 1.00 0 3 9 0.013 0.013
1.07 1.10 1.09 0325 0.023
1.04 1.04 1.04 0.001 0.001
0 9 0 0.92 0.91 0.012 0.013
1.12 1.09 1.11 0325 0.022
0.97 093 035 0.024 0325
1.06 1 06 1.06 0.004 0.003
139 1.16 133 0.091 0.074
1.10 1.14 1.12 0384 0.030
1.05 1.03 1.04 0.015 0.014
03^ 0.97 0 3 6 0.015 0.015
0.93 0.92 0 3 2 0.010 0.011
1.12 1.16 1.14 0323 0.020
1.11 1.08 1.09 0.019 0.017
1.13 0.96 1.04 0.118 0.113
1.00 1.03 1.02 0.018 0.017
0.97 1.06 1.02 0.061 0.060
1.04 1.00 1.02 0323 0323
1.00 0.99 1.00 0.004 0.004
1.19 1.04 1.11 0.106 0.095
1.01 1.09 1.05 03K2 0.059
0.95 03% 0.94 0UO18 03 2 0
1.14 1.14 1.14 0.001 0.001
1.01 13# 1.05 0.050 03W8
1.10 1.09 1.09 0.002 0302
1.21 1.12 1.16 0.057 0.049
1.15 1.14 1.14 0.006 0.006
1.06 1.09 1.07 0325 0.023
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Table 4.5. Reproducibility results for DEXA leg bone mineral density. The group values
for mean, root mean square standard deviation, and coefficient o f variation are shown in
Table 4.9.
DEXA Scan 1, 
g cm ’
DEXA Scan 2, 
g cm'2
Mean,
gcra'^
Standard
Deviation,
g cm^
Coefficient of 
Variation, g cm'^
1.50 1.45 1.47 0337 0.025
1.47 1J3 1.50 0388 0325
1.37 1.35 1.36 0.011 0308
E58 1.60 1.59 0.011 0.007
1.55 1.61 E58 0345 0329
1.58 1.55 1.57 0323 0.014
1.64 1.58 1.61 0.042 0326
1.57 1.57 1.57 0.001 0.000
1.59 1.60 1.59 0.013 0.008
1.54 1.55 1.54 0 (3 6 0.004
E35 1.37 186 0.018 0.013
1.45 1.45 1.45 0.000 0.000
1.48 1.45 1.47 0323 0.015
1.43 1.43 1.43 0.001 0.001
1.59 1.55 1.57 0323 0.014
E43 1.42 1.42 0309 0.006
1.52 1.52 1.52 0.004 0.002
1.41 1.42 1.42 0303 0 002
1.57 1.59 1.58 0.019 0.012
1.66 1.63 1.64 0.021 0.013
1.54 1.49 1.51 0380 0.020
E39 1.44 1.41 0.034 0.024
1.47 1.46 E46 0.011 0.007
E33 1.37 1.35 0326 0.019
1.50 1.47 1.49 0.023 0.015
1.57 1.60 1.59 0.024 0.015
1.54 1.48 1.51 0336 0.024
1.50 1.51 1.51 0.009 0.006
1.50 1.57 1.54 0.052 0.034
1.45 1.48 1.46 0.024 0.016
1.54 1.51 1.52 0322 0.014
1.71 1.63 1.67 0.057 0384
1.58 1.57 188 0.006 0.004
1.40 186 188 0380 0322
1.45 1.46 1.45 ' 0306 0.004
1.43 1.45 1.44 0.015 0.010
E53 1.49 1.51 0328 0.018
168 1.55 1.61 0CW3 0.058
1.44 1.46 1.45 0.019 0.013
1.39 1.36 188 0.021 0.015
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Table 4.6. Reproducibility results for DEXA trunk bone mineral density. The group
values for mean, root mean square standard deviation, and coefficient o f variation are
shown in Table 4.9.
DEXA Scan 1, 
gcm^
DEXA Scan 2, 
gcm ^
Mean,
gcm ^
Standard 
Deviation, 
g cm‘-
Coefficient of 
Variation, g cm’^
037 035 036 0.014 0.015
• 1.12 1.10 1.11 0.018 0.017
1.07 1.04 1.06 0.017 0.016
109 138 139 0.007 0.007
039 1.00 1.00 0.009 0.009
1.12 1.11 1.12 0.004 0.004
1.15 1.16 1.15 0.010 0.009
1.11 1.12 1.11 0.005 0.004
1.08 1.07 138 0.006 0.006
1.07 1.07 1.07 0.002 0.002
089 0.91 030 0.011 0.012
1.00 038 0.99 0.015 0.015
033 035 0.94 0308 03W8
1.05 1.05 1.05 0.004 0.003
1.06 1.08 1.07 0.013 0.013
030 030 030 0.005 0.006
1.05 1.07 1.06 0.011 0.011
032 033 033 0.006 0.007
1.07 138 1.08 0.003 0.003
1.15 1.15 1.15 0.003 0.002
E03 1.01 1.02 0.011 0.010
1.09 1.07 138 0.011 0.010
036 036 036 0.003 0.003
088 039 039 0308 0.010
1.04 1.05 1.04 0.013 0.013
1.12 1.15 1.13 0.017 0.015
037 038 037 0.010 0.010
1.03 1.04 1.03 0.007 0.007
1.01 130 1.00 0.004 0.004
1.00 1.01 1.01 0.004 0.004
0.99 038 0.99 0.001 0.001
1.12 1.11 1.11 0.008 0.007
1.14 1.13 1.13 0.005 0.000
036 0.97 037 0.004 0.000
1.02 1.02 1.02 0.003 0.003
039 038 0.99 0.005 0.005
1.11 1.09 1.10 0318 0.017
1.10 1.10 1.10 0.001 0.001
1.01 1.01 1.01 0.002 0.002
037 036 036 0.010 0.010
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Table 4.7. Reproducibility results for DEXA pelvis bone mineral density. The group
values for mean, root mean square standard deviation, and coefficient o f variation are
shown in Table 4.9.
DEXA Scan 1, 
gcm ^
DEXA Scan 2, 
gcm'^
Mean, 
g cm"2
Standard
Deviation,
gcm^
Coefficient of 
Variation, g cm'^
1.30 1.24 1.27 0.044 0.035
1.47 1.42 1.44 0.036 0.025
E45 189 1.42 0t(M2 0.030
E33 186 185 &022 0.016
1.32 1.30 1.31 0.014 0.011
1.45 1.40 1.43 &030 0.021
1.53 1.54 1.53 0IW8 0.006
1.40 1.39 1.40 0XW8 0.006
1.46 1.43 E45 &025 0.017
1.40 1.39 1.40 0XW3 0.002
1.13 1.15 1.14 0.012 0.011
1.30 1.31 180 08W7 0885
1.17 1.17 1.17 0.003 0.002
1.40 1.40 1.40 0.005 0.004
1.44 1.44 1.44 0.001 0.001
1.19 1.22 1.21 &025 0.021
1.33 1.40 186 &055 0.040
1.18 1.19 1.18 &003 0.002
1.34 186 1.35 0.011 0888
1.50 1.45 1.47 0.040 0.027
1.34 1.31 183 0.023 0.018
E38 1.42 1.40 &026 0.019
1.24 184 1.24 0XW2 0.002
1.13 188 1.15 0.035 0.030
E38 188 188 0.004 0 083
1.44 1.49 1.47 0ÜD5 0884
1.27 180 188 &023 0 018
1.36 1.37 186 0.006 0.005
1.30 1.25 187 0887 0 (8 9
1.26 186 1.26 0.003 0882
1.25 182 1.24 0880 0.016
E52 1.54 183 0.013 0 008
1.57 1.54 1.55 0.018 0.011
1.24 1.27 1.25 0820 0.016
1.35 1.35 1.35 0.000 0.000
1.30 1.29 180 0885 0.004
1.45 1.40 1.42 0833 0.023
1.47 1.48 1.47 0.001 0.000
1.33 189 1.31 0.033 0.025
1.30 184 1.27 0.044 0.034
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Table 4.8. Reproducibility results for DEXA spine bone mineral density. The group
values for mean, root mean square standard deviation, and coefficient o f variation are
shown in Table 4.9.
DEXA Scan 1, 
g cm'2
DEXA Scan 2, 
gcm'^
Mean,
gcm ^
Standard
Deviation,
g cm ^
Coefficient of 
Variation, g cm^
1.06 1.04 1.05 0.015 0.014
E28 188 188 0.000 0.000
1.16 1.19 1.18 0.020 0.017
1.27 1.25 186 0.018 0.015
1.05 188 1.06 0.018 0.017
183 180 1.31 0.017 0 013
182 1.30 1.31 0.013 0.010
184 1.37 1.35 0.021 0.015
1.21 183 1.22 0.016 0.013
1.19 1.18 1.18 0.007 0.006
1.01 106 1.03 0.035 08 8 4
1.26 1.24 185 0.011 0 8 0 9
1.02 1.04 1.03 0.015 0.014
1.12 1.15 1.14 0.019 0.017
1.18 1.21 1.19 0.025 0.021
0 8 2 0.90 0.91 0.011 0.012
1.23 1.17 1.20 0843 0 8 8 6
0 8 8 1.00 0 8 9 0.016 0.016
1.17 1.24 1.21 0.052 0.043
1.36 1.36 1.36 0.000 0.000
1.18 1.15 1.16 0818 0.015
1.19 1.15 1.17 0.031 0827
1.03 1.03 1.03 0.001 0.001
0 8 8 0 8 8 0 8 8 0.001 0.001
1.17 1.16 1.16 0813 0.012
1.21 183 1.22 0.019 08 1 6
108 1.05 1.06 0825 0.024
1.13 1.12 1.13 0.010 0.009
1.14 1T6 1.15 0.013 0.011
1.01 1.04 E03 0.021 0.021
1.11 188 1.10 0882 0.020
1.20 182 1.21 0.013 0.011
1.21 1.21 1.21 0.001 0.001
1.00 1.02 1.01 0.015 0.015
1.12 1.11 1T2 0.013 0.011
1.06 1.05 1.06 0.009 0.009
E25 185 1.25 0.006 0885
1.22 182 182 0.003 0.002
112 1.08 1.10 0825 0.023
1,03 1.07 1.05 08 3 2 0.030
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Table 4.9. Group mean, root mean square standard deviation (RMS SD), and coefficient
o f variation (CV) for each specific measurement provided by the DEXA (N=40). Bone
mineral density (BMD) values are in g cm ^
Measurement Mean RMS SD CV
%BF 2478 0.519 12854
Whole Body BMD E30 0888 6.986
Arm BMD 1.07 0.041 16.159
Leg BMD 1.50 0829 12873
Trunk BMD 1.03 0889 8779
Pelvis BMD 1.35 0825 12.017
Spine BMD 1.15 0.020 12.085
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Figure 4.1. Measure o f precision for each data set provided by the DEXA. A precision of 
1% equates to a 2.77% change between subsequent measurements at the 95% confidence 
level. A change greater than 1% precision indicates that, with 95% confidence, a change 
in the measured parameter occurred. These subsequent measurements were taken 
immediately following the initial measurement, with a slight pause taken to reposition the 
subject.
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The DEXA data can also be examined on an individual basis, which would be o f 
more importance to follow-up studies pertaining to the health and fitness of the 
participants. A scatter plot o f the skeletal-specific BMDs is provided in Fig. 4.2, with the 
mean and standard deviations for each skeletal site listed in Table 4.10. A comparison to 
the whole body BMD of the female age-corrected population (http://www-stat- 
class.stanford.edu/pediatric-bones/1 is also listed in Table 4,10. This comparison o f the 
student-athlete values to the expected values for the general population demonstrates that 
the student whole body BMD values are 3.97 standard deviations above the general 
population average. In fact, the lowest recorded whole body BMD value in the study, 
1.16 g cm'^, is 1.59 standard deviations above the general population average. This data 
would indicate that the student athletes will need to be evaluated on a special scale in 
order to derive pertinent conclusions.
Table 4.10. Mean and standard deviation (SD) of each skeletal site monitored by the 
DEXA in this study (N=40). Comparison to the female 20 yo population whole body 
BMD (http://www-stat-class.stanford.edu/pediatric-bones/) is given to demonstrate the 
relative high BMD values o f the female student athletes in this study.
Mean, g cm"^ SD, g cra‘^
Whole Body (Student Athletes) 1.305 0.065
Whole Body (General 
Population) 1.063 0.061
Arm 1.066 0.074
Leg 1.501 0.082
Trunk 1.033 0.072
Pelvis 1.346 0.105
Spine 1.148 0.107
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B on e Mineral D ensity L ocation-Specific  R an ges
CM 1.35
o> 1.25
Whole Body Arms -  Legs Trunk Pelvis Spine
Figure 4.2. Bone mineral density ranges for each skeletal location monitored. The data 
will be used primarily in follow-up studies involving the health and fitness o f the 
individual subjects. O f note is the larger range o f values for the spine and pelvis BMD. 
The leg and arm BMD range o f values are slightly wider than that o f the whole body. 
The trunk range o f BMD values closely matches that o f the whole body. This 
information can be added to the information shown in Fig. 4.1 for a more comprehensive 
view o f the data collected.
The DEXA %BF measurements were also compared with other methods o f body 
composition determination: UWW, BIA, and SF. The regression equation, the 
coefficient o f determination (R^), and the ideal line o f reproducibility are shown for each
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comparison, Figs 4.3-4.9. The value indicates the predictive power o f each linear 
regression equation, with a value o f 1.0 being a perfect prediction. The ideal line o f 
reproducibility is simply a straight diagonal line, using identical scaling on the axes that 
would indicate perfect reproducibility o f  the data (i.e. measurement 1 identical to 
measurement 2).
DEXA 2 vs DEXA1
DEXA 2,
DEXA 1, %BF
Figure 4.3. %BF comparison between DEXA scan 1 and DEXA scan 2. DEXA scan 2 
was taken immediately following the completion o f DEXA scan 1. The second scan was 
done to study short-term reproducibility o f DEXA results. The coefficient of 
determination (R^), 0.9844, depicts an extremely good agreement between the two scans. 
The line o f reproducibility (green dashed line) indicates the ideal situation o f total 
agreement between the two scans and is closely mimicked by the line o f regression (solid 
black line) formed by the given equation.
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UWW vs DEXA 1
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Figure 4.4. %BF comparison between DEXA scan 1 and underwater weighing (UWW). 
The line o f reproducibility (green dashed line) indicates the ideal situation o f total 
agreement between the two scans and is closely mimicked by the line o f regression (solid 
black line) formed by the given equation. The overall trend is for the DEXA scan %BF 
estimate to be slightly higher than that determined by UWW over the entire range o f 
%BF estimates. The coefficient o f  determination (R^), 0.6963, depicts good agreement 
between the scatter plot %BFs and the regression equation.
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BIA vs DEXA 1
10 20 30 40
DEXA 1, %BF
Figure 4.5. %BF comparison between DEXA scan 1 and bioelectric impedance analysis 
(BIA). The coefficient o f determination (R^), 0.7201, depicts a rather good agreement 
between the scatter plot %BFs and the line o f regression (solid black line). The line o f 
reproducibility (green dashed line) indicates the ideal situation o f total agreement 
between the two scans and is closely mimicked by the line of regression formed by the 
given equation at the lower end o f  the %BF estimates, but with a slight divergence due to 
higher DEXA measurements at the higher end of %BF estimates. The overall trend 
shows an equal mix o f underestimation and overestimation disagreements between the 
two methods at low- to mid-%BF estimates, with the DEXA scan %BF estimate being 
slightly higher than that determined by BIA at the upper extremes.
63
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
SF vsD E X A I
40
30
SF, 
%BF
20
10 .X
10 20 30
DEXA 1, %BF
40
Figure 4.6. %BF comparison between DEXA scan 1 and skinfolds measurements (SF). 
The coefficient o f determination (R^), 0.7484, depicts a rather good agreement between 
the scatter plot %BFs and the line o f regression (solid black line). The line of 
reproducibility (green dashed line) indicates the ideal situation o f total agreement 
between the two scans and is closely mimicked by the line o f regression formed by the 
given equation at the lower end o f the %BF estimates, but with a distinguished 
divergence due to higher DEXA measurements at the higher end of %BF estimates. The 
overall trend is for the DEXA scan %BF estimate to closely match SF at lower %BF, 
with a definite trend o f higher DEXA estimates than that determined by SF as %BF 
increases.
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UWW vs BIA
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Figure 4.7. %BF comparison between bioelectric impedance analysis (BIA) and 
underwater weighing (UWW). The coefficient of determination (R^), 0.9064, depicts a 
very good agreement between the scatter plot %BFs and the line o f regression (solid 
black line). The line o f reproducibility (green dashed line) indicates the ideal situation o f 
total agreement between the two scans and is closely mimicked by the line o f regression 
formed by the given equation, especially at the lower end of %BF estimates. The overall 
trend is for UWW measurements to be slightly higher than those determined by BIA over 
the entire range o f %BF estimates.
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UWW vs SF
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Figure 4.8. %BF comparison between sk info Ids measurements (SF) and underwater 
weighing (UWW). The coefficient of determination (R^), 0.8239, depicts a very good 
agreement between the scatter plot %BFs and the line o f regression (solid black line). 
The line o f reproducibility (green dashed line) indicates the ideal situation o f  total 
agreement between the two scans and is underestimated at lower %BF estimates and 
overestimated at higher %BF estimates by the line o f regression formed by the given 
equation. The trend o f the line o f regression is due to slightly lower %BF estimates at the 
lower end o f the range by SF and due to definitively higher %BF estimates by UWW at 
the upper end o f the range.
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Figure 4.9. %BF comparison between bioelectric impedance analysis (BIA) and skinfolds 
measurements (SF). The coefficient o f determination (R^), 0.8421, depicts a very good 
agreement between the scatter plot %BFs and the line o f regression (solid black line). 
The line o f reproducibility (green dashed line) indicates the ideal situation o f  total 
agreement between the two scans and is overestimated at lower %BF estimates and 
underestimated at higher %BF estimates by the line o f regression formed by the given 
equation. The trend o f the line of regression is due to slightly lower %BF estimates at the 
lower end o f the range by BIA and due to definitively higher %BF estimates by BIA at 
the upper end o f the range.
A direct inter-comparison o f the results for each body composition methodology 
on a subject-by-subject basis was performed (Table 4.11) and analyzed for general trends 
in %BF agreement (Fig 4.10). The results indicate that DEXA %BF estimates will
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predominantly be in agreement with the estimates for UWW (58.8%), BIA (58.8%), and 
SF (55.9%). The results o f inter-comparisons for the remaining three methods are less 
positive, as UWW-BIA are within 2 %BF only 29.4% of the time, UWW-SF are within 
2% BF only 35.3% of the time, and BIA-SF are within 2% BF only 38.2% of the time.
Table 4.11. Percent body fat measurements for each o f the subjects involved in the study. 
Two DEXA scans were performed for a test o f reprodueibility.
Subject DEXA1 DEXA 2 UWW BIA SF
1 29.60 29.80 34.10 31.10 26.30
2 24.20 24.40 29.90 30.00 23.70
3 14.70 15.10 17.10 17.60 15.00
4 37.60 38.10 39.10 36.20 34.20
5 21.60 2130 25.20 25.10 22.10
6 36.80 36.50 32.30 30.20 28.10
7 24.70 23.70 26.90 25.10 23.40
8 32.00 34.80 34.80 30.10 26.30
9 27.90 29.00 30.10 28.10 27.30
10 29.70 30.50 34.80 30.10 26.30
11 24.00 24.30 26.10 22.00 20.60
12 21.50 21.80 13.79 15.60 12.50
13 29.60 29.70 28.46 28.00 27.20
14 13.80 14.20 11.00 11.00 10.90
15 26.40 27.00 22.81 22.20 24.10
16 17.60 17.40 14.80 14.50 16.80
17 24.60 23.70 23.66 22.80 24.10
18 24.00 25.00 24.30 20.90 23.40
19 18.50 18.20 17.21 19.20 19.50
20 32.10 33.00 27.33 27.80 28.60
21 23.00 23.80 21.27 21.80 20.60
22 24.60 25.80 21.85 22.10 23.40
23 21.90 21.50 20.06 15.10 18.40
24 25.20 24.60 21.20 21.90 22.50
25 28.90 28.90 22.62 23.20 21.50
26 22.50 22.00 21.40 19.20 21.80
27 27.00 26.90 21.76 21.40 21.10
28 16.90 16.80 18.60 17.10 17.50
29 18.50 18.60 17.93 20.50 18.20
30 18.30 18.00 19.74 19.90 18.20
31 28.20 27.60 24.04 25.00 25.40
32 19.70 21.30 22.48 22.00 21.80
33 29.60 29.40 28.43 29.50 28.80
34 18.50 18.40 18.88 15.10 18.20
35 32.70 32.70 16.18 15.10 16.30
36 25.80 25.90 16.15 15.90 16.70
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Body Composition Method Comparision
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Figure 4.10. Direct comparison between body composition methodologies on a subject- 
by-subject basis for agreement within 2% BF, N=34. UWW-Underwater weighing, 
B1A= Bioelectric impedance analysis, SF= Skinfolds measurement. These comparisons 
can be used in conjunction with Figs. 4.3-9 to better understand the relationships 
indicated by the specific linear regression equations.
Determination o f body composition by the use o f the various methods discussed 
above still needs to be linked to the grand scheme o f bone dosimetry, as discussed in the 
earlier portion o f this study. This is accomplished by determining a scaling factor for 
body composition by means o f easily obtained measurements. The ideal situation would 
involve a detailed study on the specific equipment to be used to measure body 
composition with a sample population o f  the persons most likely to benefit from the 
research. Unfortunately, the equipment used in this study is generally either cost- 
prohibitive or requires extensive training to achieve quality results. The best attempt at 
easily obtained and inexpensive results involves using measurements such as height,
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weight, age, and hip-to-waist ratio. The body composition data collected will be used as 
the standard by which a linear regression equation using easily obtained measurements 
will be calculated.
An average o f the DEXA body composition determination results from this study 
was used in conjunction with variables involving height, weight, age, and hip-to-waist 
ratio to determine a multiple regression equation that will approximate body composition 
for a population o f young, female, student athletes. A multiple regression calculator 
(http://www.wessa.net/esteq.wasp') was used to determine the predictive equation:
%BF -  -0.39527 * ht +0.23837 * wt -52.75405 * h:w +56.41232 , Eq. 4.7
with height (ht) in inches, weight (wt) in pounds, and hip-to-waist ratio (h:w) is unitless. 
The hip-to-waist ratio is the only measurement in the predictive equation that involves 
training, which can be accomplished in a relatively short time. The predictive equation 
has an value o f 0.3791 and a standard error o f 3.92 %BF.
4.4 Conclusions
The body composition determination section o f this research covered three 
different areas: (1) DEXA reproducibility, (2) comparison of body composition methods, 
and (3) determination o f a predictive equation for body composition using easy and 
quickly obtained input parameters. This document only addresses the data as it pertains 
to possible use in bone dosimetry, specifically the possibility o f determining a scaling 
factor based upon body composition. Sufficient additional data was collected that can be 
used in future health and fitness oriented research.
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The reproducibility o f measurements taken using the DEXA scanner can be 
broken into two categories: %BF and BMD. The two %BF estimates provided by 
subsequent measurements using the DEXA scanner were compared to each other with an 
excellent rate o f reproducibility, as seen in Fig. 4.3, with an value for the sample 
population (N=40) o f 0.9844. The reproducibility was not as robust when using the 
BMD-style test for precision, as seen in Fig. 4.1, with only 75% (30 o f 40) o f 
measurements falling within the manufacturers’ stated 1% precision.
The BMD reproducibility results are comparatively as varied as the %BF estimate 
results. The entire population (N=40) o f whole body BMD results fall within the 
manufacturers’ stated 1% precision, but the skeletal-specific BMD values do not 
constantly meet the 1% precision level with the exception o f trunk BMD, as seen in 
Fig. 4.1. These results would indicate that the use o f whole body BMD for monitoring 
and tracking o f student athletes is the best method for further studies involving health and 
fitness parameters. Fleeting consideration o f using BMD as a scaling factor for bone 
dosimetry, similar to the methods discussed by Kubik et al. (2002) was considered but 
DEXA equipment is too expensive and specialized to be widely used in the scaling factor 
determination process.
A comparison o f body composition methods was undertaken to determine the 
ability o f each method to accurately estimate body composition and to aid in the 
production o f a predictive equation for %BF. A comparison o f each o f the body 
composition estimation methods against one other can be seen in Figs. 4.3-9. The trend 
seen in these comparisons indicate that there is better agreement between the different
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methods at lower %BFs, with a divergence seen as the %BF increases. Overall, there are 
no two methods that deviate completely from the trend of general agreement.
The predictive equation was derived by use of the average %BF by DEXA 
scanning for all subjects involved in the study with a hip-to-waist ratio measurement 
(N=22). The smaller population o f subjects with hip-to-waist ratios is due to collecting 
this additional data after the research had commenced. A comparison o f the body 
composition estimation from the averaged DEXA measurements and the predictive 
equation is seen in Fig. 4.11, while Table 4.12 displays all o f the inputs involved in 
determining the predictive equation. The best indicator for agreement between the two 
methods is alignment o f the line o f regression with the line o f  reproducibility. The 
predictive equation over-estimates the %BF at lower levels and under-estimates %BF at 
higher levels when compared to DEXA scanning results. Additionally, the value 
demonstrates that the data variance accounts for only 46.78% of the distribution o f the 
measurements.
A comparison can be made between the LBM equation (Eq. 3.2) used in previous 
studies and the predictive equation (Eq. 4.7) developed in this study. Percent BF was 
calculated from Eq. 3.2 and compared to the averaged results from DEXA scanning for 
the same population used to develop Eq. 4.7 (Table 4.13). The %BF estimates that 
resulted from using Eq. 3.2 were plotted against the averaged DEXA scanning results to 
check for agreement and reproducibility (Fig. 4.12). The Eq. 3.2-DEXA comparison 
illustrates the improvement in body composition estimation provided by Eq. 4.7. The 
Eq. 3.2 to DEXA reproducibility R  ^ value was 0.298, much lower than that achieved in 
the predictive equation to DEXA comparison, 0.4678. Additionally, the linear regression
72
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
equation that represents the agreement between Eq. 3.2-DEXA demonstrates that Eq. 3.2 
consistently overestimates %BF.
DEXA vs Predictive Equation
20
20 25
DEXA %BF
Figure 4.11. %BF comparison between the average %BF by DEXA scanning and the 
%BF from the predictive equation. The coefficient o f determination (R^), 0.4678, 
displays agreement between the scatter plot %BFs and the regression equation (solid 
black line). The line o f  reproducibility (green dashed line) indicates the ideal situation o f 
total agreement between the two %BF estimates. It can be seen that the predictive 
e q u a tio n  o v e r -e s t im a te s  %BF a t lo w e r  %BF e s tim a te s , b u t u n d e r  e s tim a te s  b o d y  
composition at higher %BF levels.
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Table 4.12. Inputs and results for %BF predictive equation. The average %BF from 
DEXA scanning was used as the reference %BF. Variable were limited to quick, easily 
obtainable data. The difference in the two methods is shown, which gives insight into the
DEXA
(%BF)
Predictive Eq 
(%BF)
Difference in 
methods 
(%BF)
Height (in) Weight(lb) Hip:Waist
26.70 23.94 2.76 69.50 142.80 0.74
17.50 18.07 0.57 61.00 106.30 0.75
24.15 25.46 1.31 66.50 144.20 0.74
24.50 21.07 3.43 61.25 117.06 0.74
18.35 20.30 1.95 64.25 123.26 0.76
32.55 29.18 3.37 69.00 159.52 0.72
23.40 28.37 4.97 67.75 147.40 0.69
25.20 23.45 1.75 63.00 123.30 0.71
21.70 19.24 2.46 69.00 122.24 0.74
24.90 21.93 2.97 60.50 115.00 0.72
28.90 26.39 2.51 66.00 142.82 0.72
22.25 18.84 3.41 72.00 127.74 0.75
26.95 19.95 7.00 65.50 126.08 0.77
16.85 19.62 2.77 66.25 121.48 0.75
18.55 21.16 2.61 63.25 118.54 0.73
18.15 20.51 2.36 65.00 127.60 0.77
27.90 24.76 3.14 64.50 144.60 0.77
20.50 22.51 2.01 69.50 136.80 0.74
29.50 29.20 0.30 68.00 157.96 0.72
18.45 20.47 2.02 64.50 119.96 0.74
14.50 23.41 8.91 67.75 139.90 0.75
15.55 19.16 3.61 62.75 120.38 0.78
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Table 4.13. Comparison o f %BF results acquired from using Eq. 3.2 against the average 
DEXA scanning results. LBM was subtracted from the total mass o f the subject and the 
remaining fat mass fraction was determined.
Averaged DEXA %BF Eq. 3.2 %BF Overestimation by Eq. 3.2 (%BF)
26.70 23.76 -2.94
17.50 22.73 5.23
24.15 26.93 2.78
24.50 25.47 0.97
18.35 24.07 5.72
32.55 27.86 -4.69
23.40 26.42 3.02
25.20 25.33 0.13
21.70 19.72 -1.98
24.90 25.69 0.79
28.90 27.12 -1.78
22.25 18.64 -3.61
26.95 23.58 -3.37
16.85 21.80 4.95
18.55 23.83 5.28
18.15 24.43 6.28
27.90 29.17 1.27
20.50 22.47 1.97
29.50 28.55 -0.95
18.45 23.00 4.55
14.50 24.72 10.22
15.55 24.81 9.26
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Eq. 3.2 vs DEXA
LL
CO
55
Eq. 3.2 %BF
Figure 4.12. Reproducibility o f Eq. 3.2 and the averaged DEXA scanning %BF results. 
The coefficient o f variation (R^), 0.298, shows the poorest fit o f the linear aggression 
equation for all body composition methods represented by direct comparisons. 
Additionally, the linear regression equation demonstrates the consistent overestimation o f 
%BF generated by the use o f equation 3.2.
All o f the body composition and bone mineral density research was performed on 
a specific demographic; 18-22 yo female student athletes. This particular population is 
not the group that would most utilize trabecular bone dosimetry scaling factors. It was a 
valuable research group that may reap rewards associated with future health and fitness 
research involving DEXA and body composition determination. The limitations o f trying
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to apply data from such a specialized group to the entire population can be seen in the 
comparison o f the female student athlete whole body BMD values to the same values for 
the general population. As discussed earlier and seen in Table 4.10, the average whole 
body BMD found in this study was 3.96 standard deviations higher than that o f the same 
group in the general population. The predictive equation for %BF calculated in this study 
may not be valid for different age groups, ethnicities, and males. The predictive equation 
was shown to be much superior to the LBM equation used in previous studies (Eq. 3.2). 
The predictive equation does show that easily obtainable data can be used to estimate 
%BF within 3.92 %BF, but future research is needed to determine the extent to which an 
error in %BF using a predictive equation will attribute to errors in calculating the dose to 
trabecular bone.
77
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
CHAPTER 5
STUDY CONCLUSIONS
5.1 Background
Current research involving improvements in skeletal dosimetry is being pursued 
through NMR- and CT-imaging (Jokisch et al. 1998; Bouchet et al. 1999; Bouchet et al. 
2000; Jokisch et al. 2001; Jokisch et al. 2001a; Patton et al. 2002; Patton et al. 2002a; 
Bolch et al. 2002). Images acquired from these imaging modalities are coupled to Monte 
Carlo transport models to calculate S-values for radionuclides localized within the 
skeleton. This is accomplished by in-vivo and in-vitro imaging of specific active marrow 
sites to acquire trabecular bone microstructure and to determine spongiosa volume. The 
spongiosa volumes are being calculated in order to develop a scaling factor that will 
relate the active marrow volume o f a specific patient to that o f a newly defined reference 
man.
Improvement o f the International Commission on Radiological Protection 
Publication 70 reference parameters for red marrow volume has taken many paths in the 
last ten years. This work improves our current skeletal dosimetry models through (1) the 
investigation o f the surface-area voxel effect of digital images, (2) spongiosa volume 
determination, and (3) the investigation o f anthropomorphic measurements as scaling 
factors for spongiosa volumes.
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5.2 Surface Area Voxel Effect
The foundation o f trabecular bone radiation transport modeling is built upon 
accurate digital representation o f the microstructure o f trabecular bone. Current accepted 
radionuclide S-values are based upon past dosimetric models that were performed using 
2D distributions o f  chord lengths. The surface-area voxel effect is an inherent 
discrepancy present for higher resolution image-base trabecular bone modeling. Past 
studies have estimated the surface-area voxel effect convergence value as 50% greater 
than the actual surface area for a spherical cavity. This study discovered that the actual 
surface-area voxel effect is greater than this 50% for 2D images and proposes a more 
accurate modeling method.
The use o f the conjoined-stacked disk model results in a closer approximation o f 
2D spherical cavities. The surface-area voxel effect can be seen to converge to a level o f 
28.56% greater than the actual surface area using this new model. The image-based 
verification study of high precision glass beads discovered that 2D modeling o f a 3D 
sphere results in a 67.6% (82.93 mm^ vs. 49.48 mm^) overestimation o f surface area.
5.3 Scaling o f Skeletal S-Values
A portion o f this study also involved assisting in radionuclide S-value research 
based at the University o f Florida. This research consisted o f color-coded segmentation 
o f CT imaging data sets from cadavers to determine spongiosa volume. The spongiosa 
volume data from these cadavers will be combined with data from additional cadaver 
image sets, which will be used to determine reference man spongiosa volume parameters. 
The long-range goal o f this research is to obtain a feasible means to scale specific skeletal 
location spongiosa volume to the total spongiosa volume in the human body.
79
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Additionally, the use o f the lowest lumbar vertebrae, L5, is being considered as a 
universal scaling factor for the entire spongiosa volume. This would result in being able 
to determine the spongiosa volume at any skeletal site based upon the spongiosa volume 
present in L5. This information would be applied on a patient-specific basis through the 
use o f an external scaling factor, i.e. lean body mass. The overall goal would be to better 
assign skeletal dosimetric evaluations for use in radiopharmaceutical treatments on a 
patient-specific basis.
5.4 Body Composition and BMD as Scaling Factors 
Scaling o f radionuclide S-values on a patient-specific basis will require the 
collection o f easily obtainable and pertinent data. Preliminary studies indicate that lean 
body mass may be useful as a scaling factor (Bolch et al. 2002). Lean body mass has 
been investigated as a scaling factor for biological processes and internal anatomy, with 
mixed results (Batterman and George 1998; van Mil et al. 2001; Mikat 2002; Mitra et al. 
2003).
Lean body mass determination is in itself a specialized field. The realm o f 
research involving body composition covers new methods or measurement, more 
accurate modeling o f the body using current parameters, study o f specific populations, 
and refinement o f standard methods for body composition estimation (Bakkar and 
Struikenkamp 1977, Behnke et al. 1942, Brunton et al. 1993, Chumlea, Baumgartner 
1989, Ellis 2000, Gluer et al. 1995, Jackson and Pollock 1985, Kohrt 1998, Lohman 
1992, Lohman 1996, Modlesky et al. 1996, Prior et al. 1997, Snead et al. 1993, Svendsen 
et al. 1993, Tothill et al. 1994, Van Mil et al. 2001, Withers et al. 1996, Withers et al. 
1999). One o f the relatively new methods o f body composition determination is DEXA
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scanning. DEXA scanning also provides information concerning BMD, which has been 
used in modeling bone structure.
This study verified the reproducibility o f whole-body BMD and %BF 
measurements collected by DEXA scanning a population o f  female student athletes. 
DEXA results for %BF were compared to three traditional methods o f body composition 
determination: UWW, BIA, and SF. DEXA %BF estimates were constantly within 2% 
BF of results from UWW (58.8%), BIA (58.8%), and SF (55.9%).
The four methods o f body composition determination used in the study involved 
either expensive, specialized equipment or additional training requirements, i.e. calipers. 
A predictive equation for body composition using easily obtainable inputs was calculated 
and evaluated against DEXA scanning results. The predictive equation overestimated 
body composition at lower %BF and underestimated body composition as the %BF 
increased. The coefficient o f variation for the predictive equation was 0.3791 and the 
standard error o f the predictive equation was 3.92 %BF.
5.5 Overall Conclusions 
Refinement to the trabecular bone dosimetric model is a complex procedure. This 
study aided this development in three areas: (1) modeling o f trabecular bone 
microstructure, (2) determination o f spongiosa volume ratios for use in patient-specific 
scaling, and (3) a feasibility study for development o f an easily obtainable 
anthropomorphic scaling factor. These results may be used to increase the effectiveness 
o f radiopharmaceutical treatments.
81
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
APPENDIX A
82
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
University of Nevada, Las Vegas 
Office for the Protection of Research Subjects
Research Involving Human Subjects 
Protocol Guidelines and Format 
DESCRIPTION OF STUDY 
Name: Dr. Phillip Patton 
Department: Health Physics 
Title of Study: Body Composition Method Comparison
1. SUBJECTS: Student athletes, both male and female, are the primary subjects. 
Athletes that are pregnant will be excluded from the study in order to prevent the 
introduction o f additional confounders to the collected data. Student athletes have been 
chosen in order for the Department of Nutrition to interface with the subjects during 
research and, in future studies, possibly advise the subjects on dietary intake to aid in the 
prevention o f skeletal injuries.
2. PURPOSE, METHODS, and PROCEDURES: The purpose of this study is 
threefold: (1) obtain body composition data using dual energy X-ray absorption (DEXA) 
scanning equipment, (2) compare DEXA results for whole body and partial body scans, 
and (3) obtain nutritional intake information for possible future studies that would aid in 
the prevention o f skeletal injuries. The collected data will be analyzed for usefulness and 
correlation in determining active bone marrow volume. Currently, research is underway 
to determine a scaling factor that will relate an easily and quickly collected measurement 
to active bone marrow volume. Active bone marrow volume is an important aspect in 
determining radionuclide dosimetric evaluations on a patient specific basis. The method 
o f determining radionuclide dosimetric evaluations presently utilizes “reference man” 
parameters, which are uniformly applied to all patients. Improvements to this method are 
being studied in which the active bone marrow volume is scaled to an individual, thus 
improving accuracy. It is the hope o f this study to determine if a body composition 
measurement can be used as a patient-specific scaling factor. The DEXA equipment size 
limits whole body scan use to persons less than six feet in height. Persons taller than six 
feet tall are scanned from the head downwards to an arbitrarily selected body site, the 
subjects’ knees for this study. Comparisons will be made between the accuracy of whole 
body scans and partial body scans. Nutritional data, in the form of a daily dietary intake 
log, will be collected for preliminary input. Future studies are planned that will provide 
follow-up information and an ability to track the effectiveness o f the nutritional 
counseling. Additional consent will be gained from the research subjects prior to the use 
o f the nutritional intake data.
The methods that will be used for this study are readily accepted and commonly practiced 
means o f determining body composition. The Exercise Physiology Laboratory routinely 
performs underwater weighing, bioelectric impedance analysis, skin-fold measurements, 
and body measurements. Measurements using the DEXA scan have not been used in the 
past due to training and equipment quality assurance requirements. A training class for
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use of the DEXA scan will be provided for all persons operating the machine prior to 
initiating study measurements. Additionally, quality assurance methods will be adhered 
to by all persons operating the machine in order to provide defensible measured data.
The nutritional intake o f calcium and vitamin D monitoring will be compared with bone 
density determined by the DEXA scan. Increase in nutritional intake o f  calcium and 
vitamin D will be addressed, with potential future studies involving follow-up bone 
density measurements. There will be no additional measurements taken during the 
course o f our study to concentrate on these further concerns.
3. RISKS: The risks associated with this study are minimal. A small amount o f stress 
may be experienced during the body composition measurements taken at the Exercise 
Physiology Laboratory: the underwater weighing measurement requires the subject be 
completely submerged for a short duration, and the skin-fold measurements require 
minimal pinching o f several body locations. The DEXA scanner is approved for 
commercial use by the Food and Drug Administration, as the cancer risk associated with 
the minimal exposure received during the examination is statistically non-existent. No 
alternative methods were considered for this study based on the uniqueness o f  the 
methods and the standing approval for use o f these methods. The minimal physical risks 
associated with these measurements are the only concern, as no psychological, social, or 
legal risks are expected. The confidentiality o f  the subjects will be maintained with the 
use o f generic identification numbers for research and publication use. The only 
identification unique to the subjects will be based on sex; male and female subjects will 
be identified differently in order to analyze the data for sex-specific trends.
4. BENEFITS: Anticipated benefits o f the research will be both subject-specific and 
population-wide. The subjects will obtain body composition and bone density 
determinations, which can be used to improve and understand current health conditions. 
The information gathered from this research will potentially be used to improve the 
radiological dosimetric determination o f patients undergoing treatment to bone marrow 
and locations neighboring bone marrow. A copy o f the body composition determination 
and bone mineral density report will be provided to the participants upon request.
5. RISK BENEFIT RATIO: The risks associated with this study are minimal, therefore, 
any information obtained that can benefit the subjects or society will exceed deleterious 
effects.
6. COSTS TO SUBJECTS: The subjects will be required to undergo measurements, 
analysis, and an interview. The time required to complete these requirements is 
approximately one hour. No financial cost will be acquired.
7. INFORMED CONSENT: Informed consent will be obtained in written format prior 
to any aspect o f this study being performed. A member o f the study group will brief the 
potential participants about the associated risks, time requirements, and ability o f  the 
subjects to cease participation at any time. Dr. Phillip Patton will store the informed 
consent forms in a locked file cabinet for three years following completion o f the study.
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Purpose of the Study
You are invited to participate in a research study because you are a student athlete. The 
purpose o f this study is to determine body composition based upon skin-fold 
measurements, underwater weighing, bioelectric impedance analysis, dual energy X-ray 
absorption, and body measurements. Information concerning dietary intake will also be 
collected for future use by the Department of Nutrition.
Participants
You are being asked to participate in the study because body composition can be used to 
monitor and/or correct dietary deficiencies that may lead to preventable injuries. 
Additionally, the information that is collected will be used in statistical models in an 
attempt to relate body composition to bone volume for radiation transport modeling.
Procedures
If you volunteer to participate in this study, you will be asked to do the following:
1. Participate in physical measurements at the Exercise Physiology Laboratory. 
These measurements will require approximately thirty minutes and will 
include: underwater weighing, bioelectric impedance analysis, skin-fold 
measurements, and body measurements. Some of these procedures are self- 
explanatory and require no further explanation; others are more unfamiliar 
and need explaining.
a. Underwater Weighing fUWWf: This method of determining body 
composition is considered the most “scientific” and most “accurate” 
method of determining the amount of muscle and fat in the body. It is 
based on the physics principle that Mass divided by Volume equals 
Density (M/V=D). Body weight is substituted for mass, and volume is 
either measured directly (Volumetric method) or calculated from 
Archimedes’ Principle (water displacement). UWW is user friendly, 
except for individuals who are hesitant to submerge their head in 
water. The water is warm (93 degrees); you will be sitting cross-legged 
"up-to-your neck" in the water on a platform scale, which is 2 inches 
above the bottom o f the tank. A 20 lb. canvas jacket is worn which 
guarantees that you will not float. You will have a nose clip and a 
mouthpiece, which is part o f a snorkeling system. There is a 
rebreathing bag fitted to the snorkeling system, which has 5 liters o f 
100% oxygen in it. When ready, you will lean forward putting your 
head on your knees; this leaning forward will submerge you. You will 
then stay in this position, breathing air through a snorkel until the 
water becomes calm (usually 20-30 seconds). You (who can hear 
underwater) will be told to blow out a comfortable amount o f air. At 
that moment the snorkel is turned off and you cannot breathe through 
the snorkel, this usually takes about 10-15 seconds; this is when 
underwater weight is recorded. Immediately after the weight is 
recorded the snorkel system is opened to the rebreathing bag and you 
will breath the oxygen in and out o f the rebreathing bag. At this time 
you can raise your head out o f the water, while still breathing in and
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out of the bag with the nose clipped shut. After 8 breaths the valve on 
the rebreathing bag is turned off and you will start breathing air again 
through the snorkel. That completes one weighing. The rebreathing 
bag is removed and then analyzed for nitrogen. From this data the 
amount o f air that was in the lungs at the time o f weighing is 
determined. While that is being done you are weighed two more times. 
The weight o f the jacket and the volume o f air in the lungs at the time 
o f weighing are subtracted from the weight under water giving the true 
underwater weight and hence your volume.
b. Bioelectrical Impedance Analysis (BlAl: BIA is a widely used 
method o f estimating percent body fat. BIA is based on the principle 
that the conductivity o f  an electrical impulse is greater through fat-free 
tissue than through fatty tissue. Electrodes are placed on one hand and 
one foot and a very low-grade electrical current is passed through the 
body. This impulse comes from a 9-volt dry cell battery, which you 
cannot feel. The impedance (or resistance) to this current is measured 
in ohms, which is put into a series o f equations along with height and 
weight that then calculates body density, percent body fat, total body 
water and lean body weight. You need to be dressed in a shirt or 
blouse that is loose at the waist and short sleeved; shorts, so that legs 
are bare. Females, if you have a jogging bra or the top o f a two-piece 
swimsuit, wear it under the blouse. You will lie supine with 4 
electrodes (the size o f  small Band-Aids) on your right hand and right 
foot. The test takes about 3 minutes.
c. Skinfold Measurement: Seven (7) skinfold measurements will be 
taken. The skin and subcutaneous fat is pinched up into a fold and the 
thickness o f the fold is measured with calipers in millimeters. You 
need to be dressed in a shirt or blouse that is loose at the waist and 
short sleeved; shorts, so that legs are bare. Females, if you have a 
jogging bra or the top o f a two-piece swimsuit, wear it under the 
blouse. The seven sites are the sites where fat is typically stored and 
are as follows:
i. Chest (Pectoral): A diagonal fold on the pectoral line midway 
between the axillary fold and the nipple.
ii. Abdomen (Umbilical): A vertical fold approximately 1 inch to 
the right o f the umbilicus.
iii. Hip (llium/Suprailiac): A diagonal fold just above the crest o f 
the Ilium (the highest peak on the side o f the pelvic girdle) on 
the midaxillary line.
iv. Side (Axilla/Midaxilla): A vertical fold on the midaxillary line 
at nipple level (Midsterum)
V. Triceps (Arm): A vertical fold on the beck o f the upper arm 
midway between the shoulder and elbow joints.
vi. Back (Scapula/subscapula): A diagonal fold on the inferior 
angle o f the scapula.
vii. Thigh (Leg): A vertical fold on the front o f the thigh, midway 
between the groin line and the top o f the patella.
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d. Height and weight: Height and weight will be measured in shorts, tee 
shirt and underwear, with no shoes.
2. Participate in a dual energy X-ray absorption scan at the Bigelow Health 
Sciences Building, Room 354. This non-invasive scan will take 
approximately twenty minutes. This procedure will require the removal o f all 
metal items, followed by a fifteen minute scan period where you will be 
laying down and minimizing motion.
3. Participate in a short interview process on calcium and vitamin D intake with 
a member o f the Department o f Nutrition. The interview process will take 
approximately five minutes and will most likely be performed in the Exercise 
Physiology Laboratory or in the Bigelow Health Sciences Building. 
Additionally, a three-day food record for calcium and vitamin D intake is 
requested. The form, which is provided, will take approximately five minutes 
each day to complete.
Benefits of Participation
There may be no direct benefits to you as a participant in this study. However, we hope 
to have a better understanding o f important aspects of body composition. The 
information that is collected will be monitored for body composition and may be used, 
with future consent form you, in studies to direct nutritional intake in order to prevent 
injuries such as bone fractures. A copy o f your body composition determination and 
bone mineral density report will be provided upon request.
Risks of Participation
There are risks involved in all research studies. This study will include minimal risks. 
The short interview process on nutritional intake can cause stress and discomfort. The 
physical measurements taken at the Exercise Physiology Laboratory can cause slight 
physical discomfort, but pose no significant physical hazard. The dual energy X-ray 
absorption scan will provide a small amount o f exposure to radiation, approximately 4% 
o f the daily radiation exposure from natural sources present in Nevada. The Food and 
Drug Administration has approved the dual energy X-ray absorption scanner for 
commercial, as the cancer risk associated with this exposure is statistically non-existent. 
The dual energy X-ray absorption scan also presents a pinch-point risk, but you will be 
informed o f methods to avoid this problem before the scanning occurs.
Cost /Compensation
There will be no financial cost to you to participate in this study. The study will take one 
hour o f your time. You will not be compensated for your time. The University o f 
Nevada, Las Vegas may not provide compensation or free medical care for an 
unanticipated injury sustained as a result o f participating in this research study.
Contact Information
If  you have any questions or concerns about the study, you may contact Dr. Phillip Patton 
at 895-3555.
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For questions regarding the rights o f research subjects, any complaints or comments 
regarding the manner in which the study is being conducted you may contact the UNLV 
Office for the Protection of Research Subjects at 895-2794.
Voluntary Participation
Your participation in this study is voluntary. You may refuse to participate in this study 
or in any part o f this study. You may withdraw at any time without prejudice to your 
relations with the university. You are encouraged to ask questions about this study at the 
beginning or any time during the research study.
The dietary intake information may be used in future studies. The Department o f 
Nutrition would contact you to gain permission to use this information.
Confidentiality
All information gathered in this study will be kept completely confidential. No reference 
will be made in written or oral materials that could link you to this study. All records 
will be stored in a locked facility at UNLV for at least 3 years after completion o f  the 
study. After the storage time the information gathered will be destroyed.
Participant Consent:
1 have read the above information and agree to participate in this study. 1 am at least 18 
years o f age and, to my knowledge, am not pregnant. A copy o f this form has been given 
to me.
Signature o f Participant Date
Participant Name (Please Print)
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